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ABSTRACT 


This  Final  Report  describes*  the  pertinent  results  of  the  studies  carried  out 
in  advancing  solid  propellant  pulsed  plasma  microthruster  system  technology  in 
the  thrust  rar.  ;e  from  below  1  micropound  up  to  roughly  200  micropounda  and 
encompassing  the  (system)  specific  impulse  range  up  to  2400  seconds.  Thruster 
nozzles  have  been  operated  up  to  3800  hours  at  the  50  micrppound  thrust  level. 
Radiation  cooled  energy  storage  capacitors  driving  thrusters  at  7. 7  joules/lb 
have  been  developed  with  a  life  of  7.1  x  10  discharges  (476  lb-see  of  total  impulse). 

O 

Discharge  initiating  circuitry  has  been  operated  for  1. 54  x  10  discharges  and 
80%  efficient  power  conditioners  have  been  developed  and  tested  beyond 

7 

4. 5  x  10  discharges.  Complete  thruster  systems  have  been  operated  up  to 
630  hours  at  the  140  micropound  thrust  level  (317  lb-see  of  total  impulse).  A 
thrust  stand  capable  of  accurately  and  rapidly  measuring  thrust  of  a  microthruster 
was  delivered  to  the  Air  Force  Aero  Propulsion  Laboratory. 

Since  an  ion  pumped  vacuum  chamber  having  sorption  roughing  was  not 
available,  it  was  not  possible  to  reliably  determine  maximum  thruster  system  life 
capability. 

The  results  of  this  program  have  made  it  possible  to  design,  test  and  deliver 
flight  qualified  thrusters  and  power  conditioners  to  another  laboratory  under  a 
separate  program  within  roughly  30  weeks  for  installation  in  a  synchronous  orbit 
satellite. 

Guidelines  for  including  a  solid  propellant  pulsed  plasma  microthruster 
system  in  application  studies  are  included. 
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■  Prior  to' the  present  program  tbe  state-of-the-art  of  poised  plasma  micro- 
thruster.  ‘  : 

contained  80  mlcr<^undj4ruat  bevel  gaseous  propellaid  pulsed  ^ 

•  thruster  was  integrated  as  a  system  Including  telemetry  in  a' satellite  for  possible  ‘ 

■i  launch,  Tbe  essential  uixte  alrabteTeatureaof  this  Tatter  system  were •  the ■  use  1 
of  a  mechanical  valve  for  metering  gaseous  propellant  and  die  use  of  relatively  - 
:.heavy  capacitors.  The  advent  of  valveless  solid  propellant  pulsed  plasma  thrusters 
marked  a  new  era  for  pulsed  plasma  thrusters  and  became  the  stimulus  for  the 
present  program.  By  eliminating  the  propellant  metering  valve*  the  thruster 
acquired  an  inherent  high  level  of  reliability  with  a  passive  failure  mode;  be. , 
no  disturbing  torques  or  forces  can.  be  impressed  onto  a  satellite  in  the  event  of 
thruster  failure.  In  addition, the  performance level  of  the  solid  propellant  system 
In  the  thrust  range  below  roughly  50(X*  lb  matched  or  even  exceeded  that  reported 
of  other  operational  electric  microthruster  systems.  Since  an  ion  pumping  vacuum 
facility  with  sorption  roughing  was  not  available  maximum  life  capability  of  the 
thruster  system  was  never  established  even  though  one  thruster  was  operated  for 
3800  hours. 
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SECTION  I 


INTRODUCTION 

1.1  GENERAL 

This  repo  t  presents  the  most  relevant  results  of  the  research  carried  out 
toward  improved  technology  for  pulsed  plasma  microthrusters  in  the  range  of  thrust 
varying-from  one  micropound  up  to  about  150  micropounds.  Quite  generally,  all 
studies  being  rep  orted  upon  encompassed  pulsed  plasma  thruster  systems  generating 
below  500  p  lb  of  farust;  i.e. ,  a  level  referred  to  as  the  micropound  regime  in  order 
to  distinguish  the  n  from  larger  millipound  thrust  level  devices  that  have  been 
reported  elsewhere-  The  studies  were  carried  out  during  a  period  of  16  months  at 
the  Republic  Avia  tion  Division  of  the  Fairchild  Hiller  Corporation  for  the  Aero 
Propulsion  Laboratory  of  the  United  States  Air  Force. 

Prior  to  the  present  program  the  state-of-the-art  of  pulsed  plasma  micro¬ 
thruster  system  technology  had  advanced  to  the  level  where  a  completely  self 
contained  80  micropound  thrust  level  gaseous  propellant  pulsed  plasma  micro- 
thruster  was  integrated  as  a  system  Including  telemetry  in  a  satellite  for  possible 
launch.  ^  The  e  ssential  undesirable  features  of  this  latter  system  were  the  use 
of  a  mechanical  valve  for  metering  gaseous  propellant  and  the  use  of  relatively 
heavy  capacitors.  The  advent  of  valveless  solid  propellant  pulsed  plasma  thrusters 
marked  a  new  err.  for  pulsed  plasma  thrusters  and  became  the  stimulus  for  the 
present  program.  By  eliminating  the  propellant  metering  valve,  the  thruster 
acquired  an  inherent  high  level  of  reliability  with  a  passive  failure  mode;  l.e. , 
no  disturbing  torques  or  forces  can  be  impressed  onto  a  satellite  in  the  event  of 
thruster  failure.  In  addition,  the  performance  level  of  the  solid  propellant  system 
in  the  thrust  range  below  roughly  500u  lb  matched  or  even  exceeded  that  reported 
of  other  operational  electric  microtbruster  systems.  Since  an  ion  pumping  vacuum 
facility  with  sorption  roughing  was  not  available  maximum  life  capability  of  the 
thruster  system  was  never  establisned  even  though  one  thruster  was  operated  for 
380i3  hours. 
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1.2  SYSTEM  DESCRIPTION 


The  solid  propellant  pulsed  plasma  thruster  system  being  reported  upon  Is 
comprised  of  fear  major  subsystems: 

1.  The  thruster  nozzle,  capacitor,  propellant  subsystem 

2.  Ti  e  power  conditioning  subsystem 

3.  Ti  3  discharge  initiating  subsystem 

4;  The  driver 


The  intc  .  -relationship  of  these  in  the  thruster  system  is  shown  schematically 
in  Figure  1.  The  power  conditioner  accepts  a  low  (typically  16  to  28V  d,c.)  d.c. 
voltage  and  con  erts  it  to  a  high  voltage  (typically  1  KV  to  1. 5  KV)  for  charging  the 
thruster  capacitor  and  it  also  supplies  a  moderately  high  voltage  (typically  500  volts) 
for  the  discharge  initiating  circuit,  respectively.  The  discharge  Initiating  circuit 
upon  receiving  a  command  pulse  from  the  driver  produces  a  "microdischarge" 

(i.  e. ,  fraction  of  a  joule)  in  the  thruster  nozzle  for  the  purpose  of  discharging  the 
main  thruster  circuit.  The  thruster  nozzle,  capacitor,  propellant  subsystem  con¬ 
verts  stored  electric  energy  and  solid  propellant  into  an  impulse  bit  for  each 
microdischarge  of  the  discharge  Initiating  circuit. 


Figure  1.  System  Component  Schematic 


A  steady  thrust  level  (T)  la  generated  by  the  operation  of  the  system  at  a 
pulse  frequency  (f)  in  accordance  with  the  relation  T  =  fl  where  I  denotes  the 
discrete  impulse  bit  generated  by  each  individual  discharge. 

As  a  functional  system,  the  application  of  a  low  voltage  (6  to  28  V  d.c.)  to 
the  power  conditioner  charges  the  main  thruster  capacitor  and  ’’arms"  the  discharge 
initiating  netw  rk.  Upon  receiving  a  trigger  input,  the  discharge  initiating  circuit 
generates  a  ,,riicrodischargeM  within  the  thruster  nozzle  which  discharges  the  main 
thruster  capacitor.  This  latter  discharge  de  polymer  ires  and  energizes  the  Teflon 
propellant.  This  energy  addition  process  converts  the  depolymerized  Teflon  into 
a  plasma  which  is  accelerated  electromagnet! cal ly  and  gasdynamically  through  the 
interelectrode  nozzle  assembly  and  then  discharged  into  space.  The  time  to  charge 
the  main  thruster  capacitor  is  a  function  of  the  power  conditioner  and  is  typically 
equal  to  the  reciprocal  of  the  thrust  pulse  repetition  rate  (i.e. ,  period)  for  which 
the  system  is  designed.  During  the  course  of  the  present  study  this  charge  period 
has  been  anywhere  from  0. 25  seconds  to  one  second.  The  interval  of  time  between 
application  of  a.  trigger  pulse  until  the  main  thruster  discharge  occurs  is  a  fraction 
of  a  microsecond  whereas  the  duration  of  the  thrusting  action  is  anywhere  from 
2  microsecond  j  up  to  20  microseconds  depending  upon  the  energy  level  of  the 
discharge  and  electrode  nozzle  configuration. 

Some  oi  the  essential  features  of  the  system  being  reported  upon  are: 

•  Simple,  rugged,  compact  system  with  inherent  high 
re  liability  and  long  life 

•  Zero  warm-up  time,  zero  stand-by  power 

•  Fail-safe  system  -  no  torques  or  forces  can  be 
generated  by  the  inert  system 

•  Solid  Propellant  Features: 

Available  propellant  accurately  measurable  in  zero-g 

No  tankage,  feed  lines,  seals,  valves 

Inherently  compatible  with  zero-g  cryogenic 
temperatures  and  space  environment 

Non-corrosive,  non-toxic,  long  shelf  life 

Not  affected  by  either  rapid  or  severe  temperature  changes 
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®  Repeatable,  discrete  impulse  bits  compatible 
v/ith  digital  logic  control 

*  steady  thrust  level  variable  by  a  factor  of  10 

®  Good  performance  compatible  with  attitude 
control  and  low  power  application 

*  Operaticas  unaffected  by  large  variation  in 
■nvironmental  temperatures 

1.3  MAJOa  ACCOMPLISHMENTS 

Severe  1  major  milestones  in  pulsed  plasma  microthruster  system  technology 
have  been  achieved  in  carrying  out  the  present  program.  The  most  notable 
component  life  milestones  and  component  performance  milestones  are,  respectively: 

Component  Life  Milestones: 

Electrode  Nozzle  Life 

>  i 

3800  hours  at  50  p  lb  thrust  level 
(equivalent  to  7600  hours  at  25 \i  lb  thrust  level) 

Capacitor  Life  Pulsed  and  Radiation  Cooled  in  a  Vacuum  at  7. 7  joules/lb 
6 

7. 1  x  10  discharges 

(delivered  476  lb-sec  of  total  impulse) 

Discharge  Initiating  Circuit 

g 

1. 54  x  10  discharges 
Power  Conditioner 

7 

4,  54  x  10  discharges 

3. 54  x  107  discharges 

Competent  Performance  Milestones: 

80%  Power  Conditioning  Efficiency 

15.4  watts/lb  (or  7. 7  joules/lb)  radiation  cooled  energy  storage 
capacitor  with  reliably  long  vacuum  discharge  life. 

The  achievements  of  the  present  program  have  made  it  possible  to 
successfully  meet  the  stringent  hardware  and  thruster  system  performance 
requirements  of  the  LES-6  satellite. 


SECTION  n 


KICROTHHUSTER  SUBSYSTEM  TECHNOLOGY 


2, 1  THRUSTEi?  STUDIES 

2. 1. 1  Brief  Thruster  Description 

A  schematic  representation  of  a  typical  parallel  rail  pulsed  plasma 
thruster*  with  its  propellant  subsystem  is  shown  in  Figures  2  and  3  with  representa¬ 
tive  laboratory  hardware  shown  in  Figures  4  and  5,  respectively. 


Figure  2.  Thruster  and  Propellant  Subsystem  Schematic 


The  terminals  of  a  low  inductance  energy  storage  capacitor  are 
connected  by  a  low  inductance,  low  resistance  path  to  the  anode  and  to  the  cathode 


*  Coaxial  electrode  nozzle  configurations  also  tested  in  this  program  are  described 
by  the  configuration  obtained  by  revolving  the  planar  section  shown  in  Figure  2 
about  an  axis  of  symmetry  drawn  through  the  anode  just  below  the  fuel 
retaining  shoulder. 
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igniter  plug 


Figure  3,  Assembly  of  Thruster  97E 


:^yi' 


Operational  Tbraster  System 


of  the  thruster  nozzle  respectively.  The  anode  of  the  thruster  nnryjp  provided 
with  a  fuel  retaining  shoulder  which  properly  locates  the  solid  propellant  within 
the  thruster  nozzle.  A  constant  force  steadily  provided  by  a  Negator*  spring 
assures  that  an  edge  of  the  propellant  is  held  against  the  fuel  retaining  shoulder 
independent  of  thruster  pulse  repetition  rate,  thruster  attitude,  thermal  environ¬ 
ment  or  absence  of  gravity. 

To  generate  an  impulse  bit,  the  energy  storage  capacitor  is 
charged  to  its  opt  rating  voltage.  The  applied  voltage  appears  simultaneously 
across  the  interei  ectrode  spacing  between  the  anode  and  cathode  of 'toe  thruster 
nozzle.  Because  of  the  presence  of  a  vacuum  in  this  interelectrode  spacing  the 
applied  voltage  is  retained  until  toe  discharge  initiating  circuitry  Injects  a  micro- 
discharge  into  the  interelectrode  spacing.  The  micro-discharge  ’’closes”  toe 
electric  circuit  and  allows  the  main  thruster  discharge  to  deliver  energy  into  toe 
InterelhlMroJe  up  vetag  Without  any  additional  switching  gear.  This  main  discharge 
dopolymerizog  surface  layers  of  Teflon  propellant  which  In  turn  becomes  energized 
«nd  cjortod  through  the  thruster  nozzle. 

Since  the  Teflon  also  depoly merlzes  behind  the  fuel  retaining  shoulder 
the  Negator  sprir  g  replenishes  the  consumed  propellant  by  moving  propellant  into  toe 
region  depleted  by  the  previous  discharge.  TMs  movement  is  essentially  imperceptible, 
being  typically  oi  the  order  of  Angstrom  units  per  discharge.  The  total  amount  of  Teflon 
remaining  is  easily  measured  by  a  sliding  potentiometer  even  in  zero-g  environment. 

In  one  of  the  tests  to  be  described  in  Section  3. 1  approximately 
27  inches  of  Teflon  rod  was  depolymerized  during  toe  test  thereby  verifying  the 
fuel  retaining  shoulder  concept  to  be  perfectly  sound  and  reliable  for  long  thruster 
mission  times.  Since  the  height  of  the  propellant  is  made  larger  than  toe  height  of 
toe  accelerating  electrode  nozzle  (see  Figure  2)  it  is  not  possible  for  toe  propellant 
to  be  ejected  through  toe  nozzle  by  the  propellant  feed  spring  even  with  (negligible) 
electrode  erosion  that  occurs  during  extremely  long  periods  of  thruster  operation. 

*  Hunter  Spring,  Hatfield,  Pennsylvania 


9 


. . .  ._,T.  .  Sin'c^e;  T.ef|:tin  ^  ;ce  npatihle.;^'  vacuum  envircpmf;n^v  t^_ 
:P££  A?. ^to»ed. directly  in  vacuum.:  *.w 'v.;.'.  c;.;:Y-  — . 


-  2.1. '2  Analytic'  Considerations 


: ; .  '  *^esPi^e  ^  i^5?ntsl^P1^ity.Pf  thruster, ;  a  detailed  analytic 
>  description  yf  the  touting.  mecheniBm-.df  the  pidsed briefly  r 
.  v described  in  Seetl^n^.  1.1,  is  a, forroidable^^  some  simple "•. 

idealized  calculations,  cam  tx.  carried  .out  in  yje.;hope  of'ajo^lyticaUy  encompassing  :  ; 
t^e.  salient  features,  of  such  a  thruster.  Quite  generally,  the  thrusting  .action  is 
due  to^C'metic  pressure  iorces^aiid^ also: due  to ^sdyi^icpi^ 
y  ?t  is  *^^t  faction -is^d.ye" to  only. either one  of  tljese  mecharisr's, 

^  °air obtain  analytic  expresstons' of  thruster  performance  ;foo:  such  simple  ' V  : 

idealized '*caaqs :V.V  ;•  •  \  v;!^.  vvi  '"• 

':\vv--L.'\^-v  .*•-  ‘  vV-'^  ■• 

•■.  -V  ■  .*»•'  *  *V  *“•/.  T*  ‘-•-'-■•V.  ♦•  “  ■-»  -**/.  ff.rv  >  '/-*  •»•**.*>•  -•  ■•  •  -.  • 

;  v;i;  7-  -:  th^  pa^leri^£;te<^c^iepq£ 

';.  ^igv^e  2  and  assume'  that  end  ejects  can  ^  ixegleoiea:  'The^etrode  zozite^f^ 
.  inductance  <L)  Is  a^roximately:  '‘^'\-.-.V--'-:  ;'>  :;^ 7-'  v.--- w  <  -:-r  7",:  w  :-. 

:'v;v;  .  /;7:  , 

nozzle ,  respectively  (See  ;?i^u3Se  6).  The  instantaneous  magnetic  pressure  force 
on  the  back  wall  of  the  nuzzle  is:  -  .  '  '  ,  “  .  -;~V" 

A 


f,  =P  A*, 
i  m  . 


B_ 

•  2u 


with  Pm  the  magnetic  pressure  <B  V2u)  and  A  the  area  of  the  back  wall.  For 
the  geometry  under  consideration  B  =  a  i/b  and  A  .«  bd  with  i  the  total  current. 
Hence,  -  ‘  '  ' '  .  /"  ‘-'.T 

f  =  i 
i  2  b 

For  a  Pulsed  plasma  producing  thrust  by  magnetic  pressure  only,  one  finds: 

Te  f  Tp  =  ^ 

*J  “i^  *2  b  v‘  *  uk 

o 

T  /  t  ^ 

=f  f  ,r  i"dt 

o 
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where- -f-T.  and  I.'-  denote-thruster  pulse  frequency  and  nozzle  inductance  per  unit 
''len^fTespectively..-  ;  The  last"express;on  i3  also  valid  for 'coaxial  electrcxie' 

iconfiguratious,  .v-.  . 


PLASMA 


Consider  the  discharge  circuit  to  be  comprised  of  a  series  circuit 
having  fixed  values  of  resistance  (B),  inductance  (L),  and  capacitance  (C),  If 
E  <  2  ./L7C  ,  the  current  will  undergo -a  damped  oscillation  according  to  the' 
relation:  :■ 


with  VQ  the  voltage  initially  stored  on  the  capacitor.  This  latter  equation  is  of  the 
form: 


-':  Substituting  this  ‘expression  into'  the' generalized  thrust;equation  anil  performing  the  ' 
-  appropriate  operaT)on<3  p»-o*r.;ree  relation:  -  -  .  -  -  - 


its 


-  T-=  f.fe- V-f-Xl 


••X'vw  *  ■'■-u  '  >.V.j  V*-  'wVj..?.  ,**s.  **5-*  *  1. 


2  "-1  l.1w  ::  “  2 1 2  H ;1  -  e18t:0; +f  «™2Tt  +Y<S)2' sjn2xt'1 r 


,S  :T  *  ‘f.v  *v*  v!  *' '  '<?*'•  JC  ^'r>  *  -T -»**•.  .*!r  *rV..;  vtr*' 

•' f .T'-T«  •*.  '*’•"■■****  v.  ?«■  •  «>  •■ '  1 . ■’:  *•  '„“■•*% '  "  -v^v.'  .■.»•*  ~  *  .  •:  ~  •  «••"/- ^s*-.  • ;  -v  •■ >■*  > , 

■'■  -where:'  '-' - ' -W  ' 


6  S'8);2L  A"- 


;* fV'^'  ^ ^ Jf » ‘  It ■**. V.  *  r  '-  v «**:  * :  w  •  _  ^  **'*'.*  ^ .VC--"  “  / •-* C  :jjv'/,V'*i,v. 


r.2*t  •'•'*  •.**va  -••  ^  .* .’  .\>v 


to  the  ilioit  as  ^  “V-  006  fh*fs  the  expressioa  for  tbe.^peplflc  thrust  <T /P)  4p'J "T  ':  J 


.-#••  v-a  ■  r~  * 


■’  It  la  interesting  to  note  that  according  to  these  Idealized  almplified 
considerations  specific  thrust  is  essentially  independent  of  capacitor  quality  Q. 

The  ratio' of  inductanoe  per  taiit  electrode  nozzle  length  to  resistance  ie  the  more 
significant  parameter  In  determining  specific  thrust  The  results  suggest  that 
capacitors  having  the  lowest  possible  internal  resistance  should  be  used  for  optimum 
thrust.  Neglecting  weight  coostderatioiis/  this,  result  suggests  {at  a,  given  energy 
level)  the  use  of  a  large  number  of  capacitors  connected  in  parallel  instead  of  a 
singly  wound  capacitor.  While  such  an  approach  reduces  not  only  the  resistance, 
but  also  the  effective  inductance,  the  increase  in  overall  weight  resulting  from  such 
an  approach  suggested  its  use  in  a  limited  manner  by  developing  a  simple  capacitor 
in  which  a  number,  of  elements  were  connected  in  parallel  within,  a  given  case. 
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r.--,-..  ^^m^sistanceitoaa  absolute' ndnln  in  for  increased 

tltniat  it.  is  - 

per  ualt  nozzle  -length ; <&  a-  parallel  rail  and  a  boaxUI  nozzite  ar*  ' ** 


s:-.y$$8~- v- C •  •'- .ir»K£v .••  >'  i*>C;bv • :'\. -  '  :C  '•sj'  =\ :/;  .  H  ^ 

"HU  C.  v«  II  4,  Sim T.'.thp  ffhonliM  _ ■*•-*1  ^  ';*"  -  •  vy--  :-  •..  .>;  *T^.-  •■v'.^t*..  * 


•:  3VX^'  ■'  ^~^V}^2ri*Ay  :'y[.  -  !$$ ^3"  1 

i;*  •  3 •.-^.••.••rC//3 v=?,::'  ’--L-  .-  r . ^ r^- v 

;■ ; :r:.-:'-'v"j, "f.  •>"•,'•  .C*  Vi- A^A^i- v":.  A  "Ay .  ’.  ’  ,-;«;v<  :';\i"V.r;  • 

.  ’-  fc;'c'i  ♦.’*  ”•.  *  V ;-:*:  s*i  •  l.**’  .■'.  '  V. '  <;v  \JT~Z'.  iJ.:.>r* ~\  L>-  ^  C^>- .  .;•  *’. v  V-  ‘  l  :>.u-2.**V-  ’ v  •.  ;•  vr  :  *,  sti''.’.;.-.V.:;  jC  i'^r^ ; *-i ‘.I 

°  to  V-..- 

Sf*  ^AtedroJe  nozzle  caqflguraaotts.ii™  been 

^coMoatelicirode 

during  the  present  etudy.  •  :' • 


v.  r  l 


PLASMA 


PLASMA 


«>  parallel  rah. 


A)  COAXIAL 


Figure  7.  Ueometric  Variables 


.J*4-  Wr--  ^ 


• '  Besides  the  specific  thrust,  it  ;is  also  poaslblerlp  evaluate  aoaiyiclcr 

-expressions  for.cpecific  impulse  ard  thruster' effici  ency  for'  ~ 

-simplified,  cases*  and  also.expressioijs  for  ttu’usterrperionnance  assuming  the  ;.--'•  •• 
oroeuiwinn  nctinn  tobe  doc-to  «rno^Tmqrw</>?  forage  only.  -  ■  ...  .  ..  . 


2lX*  2a  i  MHD  Thrusting; - 


/, .  ; Urfe:  Rropuls^  isdue.to  hpiD  ef^tsWy;  'the  ^  • 

expre s ^onf orihethrust rwasahpwii  to  be :  - ..  ^  - ‘  :  -•- 


<!  >■■•:<.'  ~r\  :■•■■.  .* -A'?-;.-  ‘ 

cv.__v -  ::;^vw~r  *•  a>;.  vi  -  ,'-»v  •«*•.  <  *  ^  ..■  ■-  f.  ■  -*»  -  . 

\?  Tv”  ;■-»•  ’’  •' ►  *.V‘-  -*  -  -  '■  •'  ^  -  V-  *>-  *.  >'  ‘j*  -•-—Is-  a.  *•. '!*•.;  '•-.  I  v  •  v-*.  't  V”  .  v*  .‘V/  <7*  *•  '•'  :r-V-  '*  '^2* 

1-'  T-' -.V^-.  -  •  *-*  »‘  v  V-  ~  '*•*■■■  '*•  «■*  -  v.  >*•_»  *«  »✓-  •»~-,l  ^  ' V:  *  '-V  *’•  •’•  'f*,-  *■*  •.  •'  •  *  *  *  ^  •  ■-  .  v 

-For; a  critically  .damped  discharge  generated  by  a  series  liCR  circuit  compiised 
-toefl'circuii  elementa  tte  eiectrlc'current  variflfl  wfth'rirrtft  as*  ■'  ■•••  ••.'Vf.yA  •’ 

*  ■  ■  x.-'.VfV':.:  vr: ;■  -.'•  .  -\j  ?2'- -'.■■■  >’  \*v;  *?  v  t  vT» ^!LTvl >  •  :-j --V 

•V  '»■  ':yV-«  ~  •l-v  ’---  *v,  •  *  '--•  ■'-y  .-.**»*•  -  *- •  «rr  '♦ •.•'*•  r>-.wV  -.-ZA  -  '•••'•  ^  ^  V-/  A 

•%*>:;  “O'  cv  ^  y :  .^>r  ^  r  ■  j*  ■ -v  ■  ^  ^ » v  ■  r>  •  •-  ■>•.  •>-' 


witit  Vp»  p.*  apd.^CS  .ttte  inttjftl  voitege,  cJrcxdt  inductance,  time,  :and.cagaciteaaper  -  .' 


'  vy  >  ^  ^  v  -  -  A  poo.  aybs  tifai  ting  tfae/curreniexpreaaion  intO'tine-'iimusi'e'inuation i,:  'A',' 

cia^b^howubatV^  :>A- 


..  -I .;  ^  'v-''.';/  •■  '-.•P:::  •  y; :  ,ivc.<r  ;• a-  7---M 

For  a  critically  damped  discharge  tbe  resistance  R  equals 
can  also  write: 


,  hence  coa 


T  h' 
P  R 


It  is  seen  that  specific  thrust  of  a  critically  damped  discharge  also  varies  directly 
with  inductance  per  unit  nozzle  length  and  inversely  with  circuit  resistance.  The 
conclusions  reached  for  the  case  of  an  oscillating  current  gi*r>  apply  to  the  case  of 
a  critically  damped  circuit, 


with  .T.,snd ,  W.  .the  thrust  and  propellant  weight  flow  rate  re ppectively ,  ft  is  seen 


J  •  t*<  _  -  .  ..  . 


»  v  ‘-i  »  -  .-  -  .  x-w--'  •  -  .  •**  >  v.*<-  ,  .  ....  i\.  ••  ~  .  .... 

-  .  f  •  . .  '  s«  •,  —  7  •  »'./ 

_ C _ _  _  • _ I- _ -  '  V* _ X-  _ _ ■.  J'  'vA'-Jj 


with;  E  and  in  -the  discharge  ei«rgy'ahd;prope.tlant  mass.copsiraied'per  discharge 
re8pecdveiy.^'T|iis:!latter‘..e^res8ibn/^ows -that.  If  ;prppiiliye action  ‘is  duetoMHD 
effVcts  only,  it  is  expected  that  specif  ic  impulse  should  vairy  with  discharge  energy 


^ ^;thru8tet!^efficiency^^T)^s  defined  as 


.  »  r-  -  -  -aTr'-  £  .  w 


\  . -*  V-  '*.  -  . .  '•?! ..  "  ^  ;■  A '  7  ~  v j '  .•  ;  .  .. -J  V  -  ^ . 

•  *  :  .-“'V  -  .  >  .  -  vV*.  .  '■  ■■ .  ■  *"  O  ■  _  yy  '  ^  ^  -  .....  .  7..“'  -,.y  ,  .  .  -----  -  V,VV>T\.V 

- ;  - c*->  H - .-2‘.m  Ri-V7  v..-7-V ,  -*•  Vi ,  '.'r'-'-f..'?:*' 


'.'.-'AT',  *  ^ 


::.n  vi.  v  .?toni  the  relations  derived  above,  it  is  seen  that  the  efficiency  is  expected  to  vary ' 


One  obvious  way  to  increase  thnist  efficiency ,  bolding  ail  other  factors  constant,’ is'  /  ' 
simply  .to  increase  discharge  energy,; ;  Such,  an.aiiiprpach  vCan  readily  be  carried  out  1-;  v  : 
bi^  ushally^li^  dm>ense  -eastern  weJ^t,i-Sihde;effl(^^  ^  varies  ^th'-tfe^ua^ 
of  the  inductanoe  per  unit  nozzle  length, and  inversely -with  the.sqimre  of  the  resist^.'  t.  ;f  . 
ance,  it  appears  more  desim&Ie  to  Increase  efficiency  by  decr^acdng  circuit  '  J. 

resistance  and  increasing  nozzle  inductanoe  per  unit  length  even  though  in  practice 
Ais  latter  approach  is  more  difficult  to  carry  but  than  increasing  the  discharge  ; 
energy. :  .  "-i  :  ;  ^  -  f />"- 


2.1.2b 


If  the  propulsive  action  of  the  thruster  is  due  to  gasdynamic 


*  This  should  not  be  confused  with  calorimetric  efficiency  (see  Reference  2). 


pres  sure  f  orces-  only-it  bee  omeg  poasibleio  postulatean  idealist  simplified  -  • 

•  one -dimensional  nansteady  analytic  model  of  e\  "mis' occurring  in'  the  "thruster  "  ‘ ' 

and  to  ob  tain  aialytic  expr  e  ssions  f  or  'tfeprppui  si  on  pe  rf  orman  ce  YjC  onsidezY  -Y  y 

stationary  element  of  fluid -of  ^maeV  rirf,  of  volume  V  and  being  given  an  amouat 

^de^gy. s  .short  competed  to  the  .time "  it  takes  for  fluid  'to  expand  into 

ihejaaiw  thickness  of  ^  eientojft  sidflcignUy 

nonsteady  pressure  waves  rapidly  traverse  ’ .  the; fluid  element.  \ A  quasi-steady- 

ana  lysis  can  then  be.  carried  out  bj~ considering’ 'all  quantities  uniform  at  aav~rv vv r 
-■■■  r  - ,Y' '"r' Y- Y-' Y Y  ■  •  ,y;.y/'- ^ -Tr^yy: . 

instant  but  that  these  quantities  may  ;vary:froo5  one;  instant  to  annther.'  ySince"  the 

fluid  expands  into  a  vactu  im  the,  expans  ion. -pr  oces  s.  can  be  conside  red  f  so  ntropic  .•  i 
Within  the  spirit  of  the  analysis  it  is  also. reasopable.to;ass(inie  that  £U  any  .;  ^,.v  - 

instant .the..im>iantonecus:;tnssa.  averaged  f'ow  veiocify. 

of  the  expanding  fluid  element  of  uniform  conditions  eyiiiatod  af  t^.'s^.o/iMtonty 
For  such  anjMeicp£i^icm^^tlttu^^OTi8^c^vproco^^  fonows:^^^^^f^v^’"*^-"i 

V  The  mass' flowrate  oftbe  gas  expand ing  into  the  vacuum  is  thufl:'  :  ': 


•  •  v- ^ -  -V vr.  y  •*** 


Y  ■ .  ■  Y;::Y:;^to/dt^y'  d* 

YP^  ^instantaneous  -maa&dieitfit^ 


c 


yY-y'  The  propulsive  parameters  for  the  idealized  unsteady  expansion 
thruster  can  now  be  readily  evaluated.  •;  y  .  .  /  y.  y 


,r5Y’:Y ' 


■  -The  instantyvepua  stream  force  F  ^  (or  reaction  force)  ia : 
. .  Fj  =  p*A;  Y  pf  A*  u*2  YYYY^Y 


*  The  mass  averaged  velocity  of  elements  of  a  centered  rarefaction  wave  of  an 
ideal  fluid  is  equal  to.  (2/v  )  a.  with  a„  the  initial  speed  of  sound  and  v  the 
:  ratio  of - -  0  ° 


She  impulse  derived  by  expelUog  tti|e  quaptlty  of  naA?  -m  ia  given  A;  .> 


Kl  ,  '  Ln'AU'nWA  AliinM.' 

yy-  MID  W^ivafi4vu, 


A, A*-.,;.  fr/Fj  dt’*  ■>■  '''A*  '”-]''  ( v  +  ' 

*— .  •-.  .i"  -  J-'.  .• v .  \  o  '.•  v  >  ’  >  A  •  -r  ,  O  .  •  -  ■".>  •  ..  .<■.■.'■> 

'  ■»*'•  %”«<£*  vs  • -  j  -  «"  K^-^r-  '  .-•«■  i  .  .  •  -- 

'  -  .fc.--.-i  - i, .  ..  1  *.  v--  . i  »  v*1  .  * o 

Noting  that  the  flaw  is  ieentroplc,  one  finds:  - '  j  ,  ;v  w 


*  '-<r  "  - 


"2P..ftv  . :- ^1/2  7'  . 

f* '^T j  -— ** ->  •  -  O  -  1  j"  ■*--  —  • 

;where  the  initial  pressure  -  p~  and  speed -  of- sound  a  -  are  related  tothe ■ ene rgy-  •  ^  v. ; 

added  pr  tor  m  procea  s.-;1’  8inoe  relatively  large  te mpe rature^hange  J 


= 4L">T W  -TL‘  ‘ £7-  T_ -»  »?Tci 

rv:^  - .*■*<:  a-.-. ,-JiVv.  ^rV-V. r*v.  vV 

.  ...  '..  *xv  *v  «•  C *'•' .•'"JV. 


occur  as  a  result  of  energy  additica, .  the  Initial  temperature  cai;  be  neglected  > 
c«npared:to  ,tbe'finai;fluid.  temperature. . ,  Heiwe  ooe  can  write :  1 


_j.  -  -.  -r. .. 


i  '■  -  - .  v  . .  ’ . a.  " ™ 1 1  s  vm ;*r. >?;«*  < r^.- 1,  \  .-.  .  <*a. .-tv, 


within  the  asaumptiems  of  an  loeal  fluid:  .  ;  ^  ;  ;;  v 


•Henoe  the  Impulse bit  can  be  expressed  as;  . 

1-  {  v  -i)  2v  r*  m  (E/m)Vfe  (2/v  +l) 


rl  1  ,„4l/2  I-  ,  ‘  V2 


If  the  propulsive  performance  la  due  to  only  a  nonsteady  gaadynamic  expansion 
prooess,  then  the  specific  thrust  (thrust  to  power  ratio)  becomes; 


1  .  i- 

P  E 


1 

7  E/m 


or,  tbs  specific  thrust  is  found  to  vary  inversely  with  the  square  root  of  the  energy 
per  unit  mast. 
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/ r-s,.'.'*  i'A  s. . 


1  -'■-- •  b£~aier^e  specific impulse- <laiJ)'<tf;tlfe'entiie  ^ 


’,J •^^rA*jr-'''  .^--^  *k'  *><>rr- v-  f  -i/’C jV*^ -r : y  8 P  '.  :'r*£ 


wLsi-J-:-;': 


-.  38  the  squarei^t 

^^^^^^hatertehaveaaspi^  £ 

^dl!^ctly  **  lt-derives  thruat  by  magnetic  .jjressttoe.  only.— -’ 


1  -  :.'  .  :  * /, i  **  ^ _r*®dlly  .**•  s^.wn  tl»t  aubject  to:the  aa sui npUcmalin voted ,  V  :  ■  W j  :••*••; 

V  *  ^-n^ady.  ^j^ic  ^aion  thrusterwlll  hay^a  thruat 
•:••*’:.  ©qual.to:'  ■■;:•;  '•  ■  ''C”';’  ■■':■”■  *.' \ -i '•■  ^ -:r? 


/  .'  *  ■  •  ■  ^  •-•.*,•  V  fV*'  ,j  yt  ^.7;  -.'.  v 


_'4-  ._’;  ~;;V.vy  •«  ■■  k  :^' 

'.  2;mT^  ' /:v: 


•  v-  -  i.  .c  ■ :  ,  '  - 


2  m  P"  >;v:r 


•'.'.  '■;•  ^  above  cone»deratiofui  suggeat.'oertato:^ 

-  •■?At  °^t^g^rp  tht{1ft6r  Performance.  ..An  experimental  dt^oatic  p«»grain  ?.! V\  !?1 ;  If  . «  * 
during  which  a  wide  variation  to  parametera  were  intr<^ii^i| Vv’r  h 
-  or^  qccsitferaliona  In 


r-;;--.-.-:V-:2;i.2c?- 


;  3  ^  ::  ::A*  ln<llc*tfd  11  ia  believed  that  the  thruster  delivers  thruat 

because  of  ^aadynamic  pressure  foroea  and  MHD  forces.  The  question  can  be  T 
ralaed  whether  or  not  the  aodltton  of  an  expansion  nozzle  will  affect  the  thrust  level 
by  converting  thermal  energy  to  kinetic  energy.  If  the  thruater  deUvered  thrust  - 
only  due.  to  MHD  £<mcea  to«  addition  of  at  ejq>analon  conf  would  not  affect  the  thrust 
level  (other  than  perhaps  even  reduotog  fbe  tortist  level  allgfatly  due  to  wall 
vlaoous  losees).  Thus  It  la  of  Interest  to  determine  by  simple  calcuUtiooa  the 
poselble  effect  of  an  expansion  notzle  on  thrust  magnitude. 


*1 
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JZ-  i\.  \* 


U;SK-2S^S^ 

~;;.  :  *■  •  -  pxhattst  is  always  in  tberoaal  equilibria 

f|  -  ~  -  -viscous  effect*  are  absent,  iw  ue  piasm*  e*a*u*«, «  «* .  '  - . -  .-  •  -  _.- 

W  : Zam  "oftfee  oJ.asirta  are  airffirtenUy  ftiaaU.sQ  tial  the  p  asma 


■»  :  ita  lie  ..iid  imrtlclcs  rf  a»  «*  *1rffHmUi'  “liU  **“  ^  ? 

1 1  _i  r,« ..  .«a  <  n  A  o  CrtTifl  tf  *zulS 

pUsma  in,any  pbme..m>nnM  to.U»..Oii^  a^«Gv  r~?.  -  --- :. ; ;  v  - .-  .  ,  ^  ;  ., 


9  ;  •  :  -  -  Tbe  effect  oh  timurt  «  an  ’‘ideal”  ex^naiOD  no**te  cqmp^  to  ’  ..^  : 


y,?i. .Vj  -  • r.-T  'v->r4 .;..  ■/; 

Q' "  fr^queocy^nd  *  the^mptUw^  pulae^  Fp^a  ^qi^^aye 

. ,  wilT ojual 

Q  ,  We. ,  -  •._  •_  .-jv  .  ';. ' ;  • - .- -•  >f  ~  ._;-v > ;v^ -  :-.  -  ~.  .  {y:  - 

v.-,-- dr  ;;.  ^v,:;  - v-.:..-.j V- 

U  fce  cue  uiater  eoesideretioo'tbe  pulse  fn*uel«*  I  ui  dur*U<M  '  ***  y.  ': 

f^VSlS^euW>.  respectively.  Huoe  ou  ued.  toeumice  a*^***""* £1 


■'.:  \  iaiy.  -  This  latter  quantity  ia  given  by:  :  ;  ‘  ;.../y:^'v..;;.. .  S-.;\rw>:^vv;-r";v; 

■  i  v/_*v '  . '■  :*  ;r'..'-^i  ; :  ?••  •'^p--’-;p.':  dA:  +'""C;;U ;  .4A'  '  ;  '—•  .• •' ’•.•:• '••■'•; ..'  ./■ 

:;  -Uere  P ■ 

preset  respectively  The  quactUles  .-  end  u  .tenott  tte  mu.  deneity  acd 

Ube  exit  place  A  of  the  <*1»m*u  Under  die  ueumpUcn  ot »  »l«'»  •»«  <«» 
exhaust,  tbe  last  expreaaion  rediices  to:  •  ^,;:;V'.  .  -v'r 


x  i  ' 


m  n  t  A  ^  m  it 

'k  *  ~  ~e 


•  i 
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where  v  ,  A  '  and  M  '  denote  the-  ratio,  of  sp< 

t'*'  i- .• e • . ;  r>.  v-.-  v^cshL1*^ 

Mach  number  respectively;-  If  ho.  expansion 

arill  equal  unity  and  oce  finds":  -  ;  ■*'  i- 


which  can- readily  be  reduced  to 


-iraax  _  i  ,  •  . 


i  function  of-  the  ratio  of  specific  heats,  only  I  fw  i:<?ctet  exUausw  a  yiuue  of 


l/23'iB  'ypic^l.  Hence:  7 


■  •  ;  •  (if  ‘v  =  1.23) 

r,  •  -  -  -£  *  ~  ;,;  V“/  -  --  1 


-  "T^>eiai:sfaows  bait  e:73%  increase  In  tiru^t.  cjji  be  expected  ty  tbe  .additicgv  ctf 

gSidS  nozzle;  .-Such-  an  incre^  warrards  s^  ,  '■  '• 

•  inq^® 'c^'b Whirls  ?ot  ideal 

;(i.e.  .  which  does  not  haver  an  infinitt  e^t  js^  are*  fatiph  ~  •  -  "// 

7 -  --  •  >:  . ^  •. j . •  ' '  n^f V»  : hot  ^  : '±‘r  L  : 

ii'  seme* 

*5i •  7 ?& ; ® >' : F J=  P_  < ‘1; * b  3i^) .>  ■'■]:  '/■  ^  •". 

-:  -  -  •/■'  7  -v.v 7.rP^  v  :-'.'.Ae  v.  :  ■  _2  ..  '/■■"■  ;•'/•.  :- 

H-'t : ’:■■■% Vv ' ^7^:1. r? 7  ' '' '  C"7:.  •.' 7.'"' ;  '“■ .\;‘7r: 

The  i  atiootf  this  force  . to  the  fcice  obtain^  with  no  nozzle  becomes:  . 


£t  _  _i_ 

£*  v  J'  1 
x 


v  7v  ”i  p  ’  A  *'  "•  .  . . 

^  r*  # 

w  o 


This  expression  is  most  readily  evaluated  by  referring  to  compressible  flow  tables 
in  which  case  it  la  easier  to  use  the  alternate  expression: 


{1  +  v«t  ) 


IT  +  A> 

o 


vacw?™  thrust  coefficient 
(P*/P0)  (v  +lT~ 


Selecting  values  of  l£e  one  finds  values  of  Ae/A*  and  Pe/P0  from  the  tables. 
Table  1  presents  some  values  of  fj/F  7  fox  values  of: 
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1  c  , 

1.18 

1.26 


.1.4,  1.23,  and  1.18,.respccti\ 


'  .  .  Tbejreeults  presented  in  Table  1  show .  ..at  the  effect  of  variable  v 

on  F/l\*  at  a  given  area. ratio  .  A^/A*  does  not  have  ;too.  significant  effect  in  die 
value  of  E/Fj*.-  Similarly,  "it  is  i^en  that  for  a  given  value' of  v.'  increasing  the  • 
area  ratio  from  10  to  24.  will  not  8ignificaotly..affect  the  thrust.  However,  ’it  is  . 
seen  that  for  area  ratios,  of  about  1.0  to  .20  one  can  expect  roughly.  3  0%  increase  in '  • 
thrust  compared  to  the- ease,  of  no.-nozzle."  Tnis  latter  result  is  significant  enough  ■  ’ 
•.  to  justify  looking  at  the  effect  upon  thrust  of -an  expansion  cone  .on  the  pulsed  plasma 
microthruster.  -  -  '  •  .  . •;  -  - '  , 


TABLE  1.  Effect  of  Idealized  E^ansion  Cone  Upon  Performance . 


-- -f  ■*- 
■  •  r 


■  -  j=1.23  . 


1  v  =1. 18 


The  possibility  of  exerting  farces  on  plasmas  by  means  of  large 
magnetic  fields  is  the  basis  of  much  of  our  present  day  plasma  technology.  The 
varied  applications  of  this  principle  inclu'  ?  confinement  pressure  cm  thermonuclear 
plasmas  as  well  aa  acceleration  forces  in  plasma  guns.  The  configurations  of 
magnetic  field  »tk!  plasma  which  may  be  utilized  in  thrust  vector  control  of  electric 
engine  exhauae  p numerous;  and  each  configuration  must  be  analyzed  to  aiiow 
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n 


4, 

•ft?; 


optimization..  Here,  ’  however,'  '.an  attempt  will  oe  made  only  to  place  overall  ; ;  • 
bound s  on  energy-  requirem.«5ntfi.:6M.tP  estlmate-the  .magnitude  .of  R  eflect  which  .  ■ 
cart  be  expected  of  a  pulsed  plasma  thruster.  -  _  __  t  . 


.  Tbe'  minimum  energy  reqyirement  tne stab  lisping  jr magnetic  field  - 

ia  .the  actual  energy,  density  in  the  field  iiitegrated  wer  the  volume  in  which  the  field 
- — e.\ists1  Of  cour.se.  iri  -practice  circujt;io83.es  must. be.  also  "supplied.  “'If  them?  ace  .  ■  '  — 
n£jrleeted.,'the  enerev  suOTlied  ls:  .'-’V  .Vi*  -l;'  ■  . ' 


scted ,~the ene  rgyYsuppl  led 'is : 


.  W'  j  _  i  -  u M w  y^tiu'a. « r\A  '  i a  t Kp .vn! n m p  i n  n lh fr  oentim&ter'S..  •  vv-  „ 


where-"  8 


If  the 


magnetic  fie  Id  is  negligibly  small"  over  volumes  larger  than  the  plasma,  then- the 

Vr-  ^-.r  kk-ooaii vWasi-tn  Kte  -urhptvt  "r%  !«*the -'radius'  of  the. fiDhere'c-:-.;-v 


■/ 

i 


I 


'■'•v.':  - .  -  g ^  .CK3 ^  ~  >-  -6;:  *  -  ‘ . -•  ■fi--  *•**>* 


this  plasma  is  the^msgaetic  p; 
■-  sphere;  ~  ri  or^; 


•  i 


B2  ]Z 


(T  r*>  =  -^r  •  *  • 


J1-- 


Let  it  be  further  assumed  that  the  energy  available  for  vector  control  e  is  some 

fraction  of  the  energy  presently  available  for.  production  of  thrust.  Then: 

-  ,Vj£  ra; -  . .  1  . ■  ■  :  (1) 


and  the  force  exerted  is : 


B2  2 
F*  T  r 


Id  terms  of  Equation  (1): 


F-i  * 
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The  impulse  which  can  be  exerted  by  the  field  is  -  Ft,,  where  ~.t .  la  the;duration  of/, 
time  in  which  the  field  exerts  a  fox  ce  on  the  sphere  of  plasma.  This  is  roughly  the 
.  tlmeiOf  passage  of  the  DlssmVthr^g^.theVfleid.  vlfvthewelocitykof  the  •piasp'a4is>^vi‘'-..>: 


-then: 


'  ■»  ^  '  -V  i  .  .  -  :*•  ^  — *-  .  t 

■  \  -V  .  ..■=,£ :  i-'-  •;  '  f v.'.  -=’5  '  •.  •  .-.-.i  :  •  ••  -  ..  -1  2  ■ 

71  'iT'v •?•'*•' r--'  C-<V’-'#£:Z~  rii'.'i"  ,T'r.',t  r 

t  •*’ •  .*  ■■  •  >-'*.•  v-V,  J  >?*-*  *-yl  »  T-  '.V-  C  s-.‘  V  i-;  _« ■ 

-  ■-.  Ft,*5  .'  2  -  -.•y.’-  :_.  •••  =.:--v :•••••■  •'••■--  :  •  "  -  (5)  .•  1 1 . 

,y w,  y/;;-  r^:  •  •  ;:1J- 

■'/.  ;y//To  be.useful,  thh'impiilse 'produced  in'Equation. i(5)  must. 
substantial  fraction  of  the  normal  reaction  thrust  pr  oduced  during  operation  of 

For  a  typical  engtne  {Log  98E-5),  the 'total  energy  utiliaedin'a  discharge/"  ://■  -AyY. 


engine,  F or  a  typical  engine  (Log  .98E -5) the : total  energy  i 

U  .Q1  .  ,1-  -  --,  -  -  .  i  a5' _ / 


is  ^  joules,  .  The  velocity  of  the  plasma  5.  9  :•;  t  .10  cm/sec.y  The  impulse  produoeid^^^^  lJ 


f  >!  , 


^per  ^discfcr>rge,is  30. 2  dyne-sec,  -H  ^yds,permitted  to^hei2.L  Joules  or^  *  .jw.v  \v  • 

.. 2. 1  ,x  10?  ergs*  then:'  :  v.'_  '''"Vv  . , *'-XZ,  ^ ; ' '7;  • 

'3  ■  (3. 1  x  107V  r- •  • '  '  '.  '•  •  ’•  *. ' 

•  Ft  =  r  .;%r— -■■.■■g'1  -  =  63 : dyne-aep,. ••  >>.v '•  rv’::'>!iVr^r|^ 


,'•  1  •  ••;  . . 


■Thus,  the  calculated  Ft.-the  sideward  lmpulse  produoediw  the  magnotio  fieliaT  \n 
oi  tbe  saine  order  as  the  backward  thrust  produoed  by  dte  discharge;  ' 

.  Ft  is  <4  course  an  over-estimate  since  all  losses  were  neglected  and  it  waa  vv  v 

assumed  that  the  magnetic  field  could  be  limited  to  the  volume  of  the  plasm*.  Loft’-'  :  f~| 

.  :  -v  .  •  :  ••■•..  ^  ••  :  ^  .  '  •.•  •  .  •  .. '..;v  .  ^  -  .cl¬ 

ever,  if  even  ten  percent  of  this  sideward  impulse  can  be  produced,  this  method 

:•  will  be  feasible,  7 '  ’,v  *  *  '.•'i'..,”"',  !  Fl 


2. 1, 3  Generalized  Thruster  Data  Realized  v 


Tbe  experimental  data  to  be  presented  was  obtained  with  thrusters 
tested  in  relatively  large  vacuum  chambers  compared  to  the  thruster  and  its  exhaust 
plume.  AU  thrust  data  was  obtained  on  a  thrust  balanoe.  A  typloal  laboratory 
setup  of  a  test  is  shown  in  Figures  8  and  9,  respectively.  Details  of  this  thrust 
balance  are  presented  in  Section  m.  Calibrations  of  dm  thrust  stand  were  always 
taken  prior  to  the  thruat  measurement  with  tbe  thruster  mounted  on  the  thrust 
balanoe  In  a  vacuum  environment.  The  oalibratioc  and  thrust  reading  can  be  obtained 
within  a  few  minutes  during  the  course  of  any  given  test.  Any  performance  data 


xv  I 


■■■■ •./V^ ^ p -Pc)/' ; - P  ropellantfr  ontaLarea: vp  'j~  ~~ 

>d)  \Ele(^  / /vp////?/ p~/.' 

'  ,  nd^leden^:'; 

r,.*jt.4V-.u  "  •  '.•;,  ,'>"s  .,;•  ,  v-  .  ,  ~*-  -  -j  *.t  _  .  M’  _,»•  v-  '  '\jTffh..'*  •',•■.•  x  •  i«.  «’«t»  u  ,>-vs ,r-  -..w,  *-•»<*.>  #>v  »':»•  <  -^--*  *>/  ’.*  . 

.'Li“ ./:o,r 1  'r’-"\r '■•: 

^^^^?^^^i^''*i^‘:*^i)^;.vGapacitd^  desigri  of  8eyeral.maLiufacturers  ;C  //.'-/.  ./.  '  ■/•' 

'•  ' -‘r  "•  '•'••  i)v  :  Varyinje'capacitcr  inductaiJoe  and;r^eaistance_''  .1  :  ^ /v  _ e_:  ' 

^  ->.  -Ai  -V~I  -  V4.  'Jr1:-,  t-*.*- .  .-  vvy-.^v-v:;'-.;.--.^  ^  .  %...  -  •;- 

*  , m>s' Sz-ip/ii^ia^V-rV"*-  ’*< •*■•'.  :»*v •;*»-'•■■-■—»_'  •+.*:* :••'■' -Av?  t^-v’.-v '*-.■■-*>/••  >»  •  .  .j.’1..  -•.  ^ _v./ 

.  '-  presented  in  Tables  2a  and  2b',  respectively.  -:'-  •  ••• :  .  ■ 

;•’  •’  "  This  sectiop  presents  those  parameters  which  describe  thruster  ' 
performance  more  generally, 

2.1.3a  Energy  Per  Unit  Mass  and  Energy  Per  Unit  Area 


The  idealized  analytic  considerations  of  the  previous  section  suggest 
the  parameter  discharge  energy  per  unit  propellant  mass  (E/M)  useful  for 
correlating  experimental  data.  Some  very  elementary  considerations  suggested 
that  this  parameter  might  be  directly  related  to  the  discharge  energy  per  unit 
propellant  frontal  area  (E/A).  This  latter  parameter  is  a  more  useful  parameter 
to  use  than  the  former  in  thruster  design.  Figure  10  presents  the  variation  of  E/M 
with  E/A  determined  from  experiments  involving  a  large  variation  in  thruster 
parameters.  Indeed,  there  appears  to  exist  a  reasonably  good  correlation  between 


-TABLE:  2a  -THRUSTER  TESTS  WITH  VAR; 

testa  at  least  8  hours  of  continue! 


Z:Af.: 


.Energy  P^-'lisctLarge  in. joules  1  -  - 
■  Fuel  frontal  areai  in2  '  "  ”"”^  " 


---  /A::  -f.  Eoergy/Area ,  joule 

—  Propellant  consume 

,  -  e  /M  =  -  Energy /mass,  jouli 


74-76 


80 


81 


84 


Coax 


Coax 


Coax  CF 


Coax  CF 


11  rail 


11  rail 


11  rail 


11  rail 


11  rail 


11  rail 


21.0 


6.75 


21.0 


20.6 


76.4 


62.3 


77.4 


81.2 


97.5 


66.0 


9.85 


51.0 


45.0 


6.0 


16.7 


8. 


11.4 


14. 7 


15.5 


9.25 


2.86 


5.02 


6.09 


0.0824 


0.00952 


0.469 


0.281 


0.282 


0.281 


0.141 


0.281 


0. 156 


Corson 


Corson 


Corson 


Bendix 


Bendix 


Bendix 


Bendix 


Maxwell 


Maxwell 


Bendix 


Bendix 


Corson 


Bendix 


Maxwell 


3. 51  x  10”® 


18. 05 
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aJTS  WITO  VARYING ‘PAflAME-TERS  fconUnuBd)  •  •• 
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’Are.a,  joules/ln2.’  •  -  '  • 

at  c<^iraed/di8ciiarge;.  lb“  -  H  : 


a««lAiiCC ,  3CC*  **.--■  ‘ 

.'Hirust  efficiency,"  T^/?mP 


w,  .  /  W>  i.~vw~  .  “'■■■'  .’*•■■> 


,  in  -%  -  ' 


itaiice,  j*  fd  ■ 


Figure  8.  Typical  Thruster  on  Thrust  Stand  in  Vacuum  Chamber 


Figure  9,  Typical  Thrust  Recording  and  Calibration  Set->ip  Exterior 

to  Vacuum  Chamber 
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P^^an^ier*  when  the  S/M  ratio  varied  over  the  range  0 ,  58"'  x  108jouies/Ib 
n>  7.  as  x  10*  joules/ib  as  the  B/X  ?«fco  was  »^aneo  over  the  range  •  from  ■  ■ 

0. 65  joujea/in  to  . 132  joulec/ii*-.  No  attempt  was  made  to  detertnu^e  the  smallest  .. 
value  vs  tac^sr  parameters  for  -which  depoi/inerir.aucgi  vocaq  be  incutr/iiere 
<i.  e. ,  form  a  char  on  the  surlace  of  the  Teflon). 


2. 1.3b  Specific  Impulse  aad;Ei 


t^er  Unit  Area. 


Motivated  by  the  idealized  analytic  considerations,  it  was  desirable 
to  experimentally  establish  the  variation,  of  specie  impulse  with  energy  per  mrit- 
area  (i,e.,  energy  per  unit  aree).  v" 

.  ^  "  -  Figure  11  presents  the  specific  impulse  as  a  function  of  the  energy 

per  unit  area  ratio  (E/A)..  The  .  experiment  results  show  that  &  reasonably  good  : 
correlation  does  exist  between  die  specific  impulse  with  the  ratio  energy-per-utiit- 
propellagt  area.  Very  approxi mutely-. 

\  - : i  «  iss  /e/a  -• 

-  where  the  energy  is  expressed  in  joules  and  the  area,  in  square  inches*.  %  is  seep.  ' 
that  for  a  specific  impulse  above  500  seconds,  the  energy  per  unit  frontal  area 
otf  the  propellant  should  exceed  roughly  15  jeeies/in2.  A  specific  impulse  ia  excess 
of  1000  seconds  ou>  be  achieved  by  operating  the  thrusters  at  a  ratio  ia  excess  of 
roughly  50  jouies/in2,  " 

.  Sufficient  experimental  data  at  a  specific  impulse  inexoess  of 

1000  seconds  fans  been  obtained  verifjoig  that  the  solid  propellant  pulsed  plasma 
microthruster  is  capable  of  pa-iaducing  a  specific  impulse  in  excess  of  1000  seconds. 
Potring  the  course  of  the  present  investigation  a  specific  impulse  of  2400  seconds 
was  experimentally  achieved  with  fefl  j'i*.  A  specific  impulse  in  excess  of  several 
thousand  seconds  could  be  generated  should  it  be  so  desirable. 


*  Higher  value  a  0 £  specific  impiii  Have  been  ubwned  with  ouaer  prupeiiams 
during  exploratory  experiments  carried  out  during  the  final  phases  of  the 
present  program. 
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The  variation  in  specific  impulse  at  a  given  value  of  the  discharge 
energy  per  unit  propellant  area  that  can  be  noted  in  Figure  11  can  usually  be 
attributed  to  geometric  changes  in  the  accelerating  portion  and  the  expansion  area 

of  a  thruster  nozzle. 

2.1.3c  Specific  Impulse,  Specific  Thrust  and  Nozzle  Length 

The  specific  impulse  of  a  given  thruster  operating  at  a  given  value 
of  energy  per  uiait  area  can  be  varied  simply  by  varying  electrode  nozzle  length 
(the  dimension  l  in  Figure  6).  Figure  12  show's  the  specific  impulse  to  be 
increased  by  roughly  a  factor  of  2  as  the  electrode  length  was  varied  from  three 
inches  to  about  0. 25  inches  in  length.  The  experimental  study  was  carried  out  with 
a  given  thruster  operated  at  two  different  energy  levels  (i.e. ,  two  values  of  E/A). 

It  is  also  of  interest  to  note  at  this  point  that  the  specific  thrust  was  also  found  to 
increase  as  the  nozzle  length  was  decreased  (see  Figure  13).  These  latter  results 
show  that  significant  performance  improvements  can  be  realized  by  optimizing  the 
electrode  nozzle  length.  Such  an  optimization  was  not  carried  out  during  the  present 
study  since  the  program  sought  to  present  the  broad  features  and  capabilities 
of  the  thruster  rather  than  optimizing  the  thruster  for  some  particular  power  level 
of  operation. 

2.1.3d  Specific  Thrust  and  Capacitor  Resistance 

Besides  the  variation  of  specific  impulse  with  energy -per-unit - 
mass  (i.e.,  energy -per-unit -area),  the  idealized  considerations  suggested  a 
dependency  between  specific  thrust  and  the  inverse  of  discharge  circuit  resistance. 
The  experiment  considered  most  relevant  to  the  present  effort  involved  the  effect 
of  capacitor  resistance  upon  specific  thrust  for  an  otherwise  identical  discharge 
circuit.  Capacitors  of  roughly  the  same  rating  were  procured  from  several 
manufacturers.  These  capacitors  were  inserted  in  a  given  thruster  circuit  and 
the  performance  was  determined.  Table  3  presents  the  pertinent  parameters  and 
the  results  of  this  test. 

The  limited  amount  of  experimental  data  presented  in  Table  3 
shows  that  capacitors  with  roughly  the  same  resistance  generated  roughly  the  same 


35 


TABLE  3.  .SPECIFIC  THRUST  -  CAPACITOR  RESISTANCE 


NOZZLE  LENGTH, INCHES 


Figure  12. ~  Specific  Impulse-  as  cl  Function  of  Nozzle  Length 


10  JOULES 
S  JOULES 


HUiil-S  lchk  i  n,  in*ns.i> 


Figure  13.  Specific  Thrust  so  a  Function  of  Nozzle  Length 


r^si  sl^.ce: 


-':;;:>v:;;;"  J  Figure  14  shows  thevariationof  thrust  efficiencywithdischarge 
energy :for.  a  large  number  of  (nonjvtim.iaed)  thrusters  ^haying  'poiaHd^^^  - 

as  coaxial  electrode  nozzle  geometries.  In  .general^it  is  iseeh  tbWthi^ 
increases  as  the  discharge  energy  4s4hcreaeedv  thrust ^cienciesiof 
^f-^^ve  been ^xj^^entelly jrss^e&^It is ^ieliewsd^ate ^rjist '^flqien^^-. 
in  excess  of  30  percent  could  be  generated.by.  ;the  solid  propellant  pulsed  plasma :  H 
thruster  sud^d  -  such""^^efftcieiuy  be  ^.tie'-SQte:'.criteripn  as  the '"design,  Objective 
<rf  tee  thruster.-  . :  v - ., -'-0;,v V:  ',•  ;.  . . ;l 


2.1.3f  -Thrust  Etflclency  and  Energy  Per  Unit  Area 

'  As  indicated  in  3ecticn  2.1.  3b,  for  thruster  design,  it  is  convenient 

tc  know  performance  variation  with  energy  per  unit  area  of  propellant.  Figure  14 
presenta  the  variation  of  thrust  efficiency  with  this  parameter.  It  is  seen  that 
increasing  the  magnitude  of  the  energy  per  unit  area  of  the  propellant  will  produce 
an  increase  ip  thruster  efficiency.  As  indicated  above,  the  variation  in  efficiency 
observed  at  a  given  value  of  j/A  can  be  attributed  to  the  effect  of  other  parameters 
(i.e.,  nozzle  length,  capacitor  resistance,  etc.)  on  efficiency. 


...  Ho  -experiments  tow  yet  bt^uckrri&xl  out  lor  .the,  sole  purpose  of  - 

producing  the  largest  possible  thrust  efficiency  .  'From  the^ da ta_preseiited  in 
Figures  14  15,  it  is  seen  that  such  an  experiment  would  involve  selecting  the 

largest  dischargeienergj-'  wi thin-ireasonand  the.  smallest  propellant, frontal. area 
practical;  Based  upon  a  vail  able  experimental  data  it  would  appear.that.  a  thrust,.  r 
efficiency,  in  excess  .of  .30  percent  should be i  'possible  with  the  pulsed,  plasma  micro 
thruster  .being  reported  upon,  ■’  -i ' : ^ ;  V"  /;'• 


(I)  rather  than. the  tbrUst  level  {T)  that  is  produced.  Tbe' inter-relations  hip  between 
these  two  pararaete £ejtag0 l  v? 'f!':  T;/  V 

f  ;X^  ^  W-  V- : v? 

with  f  the  pulse  frequency  of  the!  thruster.' :  .Figure  shows  impulse.  ;bits  thata^e 

generated  per  discharge  as  a  function  of  .tte initial  energy  Stoned in^the 
Most  pf  the  experimental  dats  follows  a  fairly  well  defined  band  in  which  the  impulse 
bit  increases,  with  discharge  energy.  Ejqjerimehtally,  impulse  bits  oi  yp  to  5. 2 
micropotmd -second  per  j  pule  of  initial  ehergy  have  been  generated**.  ^ 

••-  Since  the  power 'P.  is. related  to  the  discharge  energy  E  by:  . 

" "T:; : :.;P: .*.f ;E::,Vj ; '■ 

it  is  evident  that  arbitrary  large  discrete  impulse  bits  can  be  generated  for  an  , 
arbitrarily  low  input  power .  The  period  between  such  discrete  pulses  can  readily 
be  evaluated  for  any  given  imput  power  by  the  same  relation. 

*  Not  all  of  this  initial  energy  gets  transferred  ir  to  the  discharge.  As  shown  in 
Section  2.1.3d,  significant  energy  iosses  may  occur  within  poorly  designed 
,  capacitors.  Similarly,  energy  losses  may  occur  ‘n  the  conductive  path  between 
the  capacitor  and  the  plasma  load. 

**  Thi3  value  is  identical  to  a  specific  thrust  of  5.2  micropound/watt. 
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_ ..  ..... ^At_agiven  pow^r  Jcv.el,ot.op'5ratvloii^,br4:2.-ha6  choice  of  ,ppp  rating; 

tbe  thrusterieither.  at  a  low  pulse  frequency  and  high  discharge  ene rgy  level"  or  at'a 


high- pul H^  frpqnfip'cy’ajyj'ft  lcrw  'dlsctiarge  eaer^vicvel.  Pronr:ail:of~the  performance 
data  presented  in  the  above  sections,  at  is  seen  that  the  first  method  ci  thruster  ^ 
operation’ produces  the  best  all  abound  thruster  performance.  In  addition,  to  -  ' 
produce  a  given  total  impulse,  .(ip.  this  first-method  of  operation  xetjiires  the -least:  - 
number  .of  tlpnister.  discharges  .(n)^  'Hencey-tfci  3-methpd  of-  ope  ration  w  illalso  haye 


the -hig^sV probability ’  of  meeting ^  tl^  totol  impulse.i^uireraente  of  ifce i  mission,  -, :g£i. 
i.e;.,  to.be  the  most  reliable  system.  '’The  only  practical  disadvantage  of  operating 
a  thruster  at  a  low  pulse  rate  is  that  usually  such:  a  system-will  be  heavier  than  a 

less'reUable',system_cperatingaLthe:lugi^r,p.uIsefrateV’T.hese.latter.:a3peccs:'will^,J. 

be  treated  inmore-detaiT  in  Section. IV  of  this  report.  ■t.kz? 

2. 1.3h  Thrust  Level  as  a  Function  of  Life  -  -  :  ■  ... 

'v'/-: fr f pertiMntr.^  r , is  that  •  the ;ielivered;.thr tis t 

dremaihesse  ntialiy  linya?  iapt  d^u ipg  the  lifetime:  of:the'  thruster,  7;iT 

that  the  thrust  level  (or  impulse  bits)*  of  the  thruster  under  study,  remains  fairly  ; 
consfa^.t&oughoutt^  typicatset^of ^ -thrust data  Ihatjhs.s  fcepb^fXyc . 

:record^^duriug  a  continuous  test  is.presentM.m'Table  4.  k  JjZ  >.  n>- ‘-fi- 


;2 2  ;i'c£p AGnORJ5t DEVEI^OPMENT^ 

•  ■  .  -2.2. 1  Introduction  .•  •  :  : :■ 


"  -  It  is  self-evident  that  the  success  of  a  pulsed  plasma  thruster  will 

depend  significantly  upon  the  reliability,  weight,  size,  and  power  factor  (measure 
of  efficiency  in  releasing  the  stored  energy  into  a  given  load)  of  the  energy  storage 
capacitor  in  its  operating  environment.  At  the  inception  of  this  program  about 
eighteen  capacitor  manufacturers  were  contacted  for  delivery  of  energy  storage 
capacitors  suitable  for  a  pulsed  plasma  microthruster  operation  in  a  space  environ¬ 
ment,  with  the  pertinent  constraints: 


*  The  relation  between  total  impulse,  number  of  discharges  to  prince  that 
particular  value  of  total  impulse  and  the  impulse  bit  ns  ^  =  n  I. 


T--  8  LE  4.  THRUST  AND  IMPUISE  *  AS  A  FUNCTION  OF 
CONSECUTIVE  DISCHARGES 


Number  of  Discharges 

Impulse  Per  Discharge 
( u  /Dound/se cond) 

Thrust 
(U  /pound) 

0 

71.0 

142.0 

126 , 156 

72.0 

144.0 

158,  688 

74.0 

148.0 

828,581 

69.8 

139.6 

987,488 

72.8 

145.6 

1, 165,256 

66.9 

133.8 

1,  215,  556 

69.8 

139.6 

1,330,254 

68.5 

137.0 

1,433,342 

72.0 

144.0 

1,604,471 

70.0 

140.0 

1,942,861 

70.0 

140.0 

2, 065, 880 

71.0 

142.0 

*  Log  88-E-5 
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3  "  . "  '  ."  •  ...  a)  Enfeigy  density  be ‘about  10  joules/lb  (power  ■  ./■ 

T  "  '  ..density  of  about  20  watts/lb  or  better)  v  v~ 

-  --  -  -  -  -  -  - •—  I*  '  -  ”  -  -  r  ;  -  .  •  .  li  .  ■  -  --  ;  --  .  ~  .  -i-  ■  -  _ .  -  -  --  -  •  -  ■-  - 

I'-"-.  -  -  a  -  .  ,.  .b)  •  .  .Life:  be  ahout  10.  .dl3Cbarges  iaa  vacuum,  radiation.  - 

•  .  •  ./  '  .  ...  c)  Critically  damped  discharge  to  25%  voltage 

8";  '  "•  ~~ •  '  "•  re  versal  possible  '  ?  -  ~~i. 

_  .  •'  •  .  .  ay:  Peak  currents  in  excess  of  iu  Ka  (actual  ~ .  , .  .  . 

•  ••  . . .  •  -  •’  .  -  -  -  magnitude  to  be  essentially  determined ’by 

8’“^  stored  energy  and.  aelf -inductance' for  a'  •*“ 

'  —  . .  .  •  critically  damped  .discharge)  -  '  — -'.rr*:-  y  • 


I 

i 

t 


o 


8 

I 

I 
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•  ■  ■  e)  Maximum  continuous  temperature  T 50“F ' '  r  ’  • ' 

.  -  f) :  ■  Internal  resistance  b^low  5  milli-ohm  '  .  •  ' 

■  g)  Self -inductance  below  10  nanohenries  ‘  • ' ' 

h)  Energy  range  desirable:  1  joule  to  40  joules  ia 
""  •  •  roughly  four  ranges  • 

•'  .  i)--  Operation  voltage  from  800  volts  to  1500  volts.—  -  - 

It  was  found  that  only  two  capacitor  manufacturers  were  prepared  to  deliver  hard-. : 

m^dng;all  ccaxstraints  reasonably  well  within  an  acceptably  short A  ' 
relatively,  large  number  of  manufacturers  could  meet  most  of -the  constraints  with  ;.'.-v 
the  exception  of  the  desired  energy  density.  It  appears, -that  a  figure  of  anywhere  - 
.  from‘2.  5  to  3.5  joulea/lb  encompasses  oiergy  storage  capacitors. reMily.  available 
from  most  manufacturers. .  F.rorrr prior  experience  it  was  known  that  an  arbitrary 
tong; life '^in;exc^f  8"pf ;  TO-  discharges)  'uvth^.  desired  environment  cohld  be  . had  if  a  -  . 
^capacitor  were  sufficiently  derated.  Such  a  derating  simply  implies  using  a  > 
capacitor  rated  to  operate  at  some  voltage  and  actually  operating  it  at  a  very  small 
fraction  of  this  rated  voltage.  ; ; 

In  order  to  advance  the  state-of-the-art  of  a  pulsed  plasma  thruster 
system  and  make  it  as  competitive  as  possible  with  other  electric  thruster  systems 
it  was  necessary  to  reduce  the  weight  of  the  capacitor  of  a  given  system  to  the  lowest 
possible  value.  For  a  pulsed  plasma  system  operating  repetitively,  the  rating  of 
a  capacitor  in  joules/lb  is  in  most  cases  not  as  useful  as  its  rating  in  terms  of 
watts/lb*.  This  latter  parameter  in  conjunction  with  the  specific  thrust  (thruBt 

Tj  rj 

*  The  relation  between  these  two  parameters  is  simply  ~  -  i  -t  when  P,  W,  f, 
and  E  denote  power,  capacitor  weight,  pulse  frequency  and  stored  energy, 
respectively. 


8 
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per  unit  power)  very  nearly  describes  a  major  part  of  the  thruster  weight  for  given 
values  of  power  sod  thrust  level.  It  is  also  rjuite  clear  at  this  point  that  by  beat 
sinking  the  capacitor  to  limit  capacitor  temperature  it  would  be  possible  to.ebtaiti — — 
power  densities  appreciably  larger  than  the  20  watts 7lb  figure  sought  of  a  radiation 
cooled.capacitor,_.-rurthcrm.Qre.,-it_ia_3iao-QfcQ5.ousJh-al;iiniii.ins.  peafcm5.el®?g<iL: 
currents  apprecialily-befow  thosaactually  occurrittg~dyring’ 
minimize  capacitor  losses  and  could  thus  result  in  artificially  high  values  of  power 
density  for  a  given  capacitor  temperature.  For  these  reasons  all  capacitor  tests  . 
being  reported  upon  were  carried  out  by  operating  them  radiation-cooled  in  a  vacuum 
environment  concurrently  with  thruster  operation.  Therefore,  all  capacitor  life 
data  reported  herein  represents  the  lower  limit  of  life.  Heat  sinking  the  capacitor 
in.  a  spacecraft  to  a  temperature  below  the  eqid.lj.brium  temperature  attained  by- 
radiation  cooling  increases  capacitor ‘life.  Indeed, ‘capacitorTife  wi  i  I  be 'increased  " 
by  a  factor  of  2  for  each  10°C  decrease  in  temperature l . . /.  ......  ::  7.  ...  .'.2  r. 

-  -For  reasons  indicated  above  the  life  data  and  power  density. of . 

commercially  availaole  capacitor  s.v.-e're.  considered  of  little  value  for ‘the 'present 
effort,  indeed,  it  was  later  learned  that  one  of  the  two  manufacturers  claiming  to 
be  able  to  meet  most  of  the  imposed  constraints  tested  their  capacitors  in  air  ; 

(i.e. ,  convection  and  possibly  conduction  cooled)  while  discharging  into  a  1  ohm  load 
(Instead  of  a  roughly  3  mjlli-ohm  load).~  CapacitorBof  tHls  latteFmanufactm-err^" 
while  useful,  proved  very  erratic  in  life  when  tested  as'-part  ofa. radiation  cooled  .  ;, 
thruster  in  <i  vacuum  environment.  :  .  •  :  ■  y . 


Since  a  considerable  effort  was  expended  by  the  Sprague  Electric 
Company  in  the  development  of  pulsed  capacitors  suitable  for  pulsed  plasma 
thrusters  In  a  space  environment,  the  development  effort  of  the  Sprague  Electric 
Company  toward  the  goals  of  the  present  effort  will  be  presented  as  a  separate 
section  of  this  report.  Supplementary  in-house  analytic  and  experimental  studies 
of  the  capacitor  as  part  of  an  electric  thruster  system  are  presented  in  the  sub¬ 
sections  below. 
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2. 2.  la  Capacitor  D.C.  Life  as  a  Function  of  Charge-C^l^  . . 

pulse  capacitor  in  conjunction  with  a  power  conditioner  In  a  satellite  in  a  banner .  . 

which'  re  suite  ln~~roaxiroum  -capacitor  life .-In- the  I^horatory, -  P-ise  .capacitor.,  .are  — . 
checked  for  maximum  ltfe.by  chargibg;ahd  disciuirging  them  with  regul4r.perioc!icUy._. 
until  failure.'  In  a  satellite  it  is  .possible  that  ah  interval  of  time  may  exist  between  -  - 
application  of  voltage  to  a  capacitor  ud  the  subsequent  discharge,  of  the.  capacitor, 

This  interval. of.Hme.fer  which  .the  capacitorjs  fully  charged_m?JdtipUed hty ;tte  ■ 

..total  number  .of  .discharges  expected  of  the  capacitor  in  the  life  of  the  mission  may  ,  - 
become  ah  appreciable,  quantity.  Furthermore,  the  charge  cycle  waveform  of  the  -  •••  ■ 
power  conditioner  can 'be... designed  In  any  one  of  a  different  tewbe*  'of  ways  tP  'meef  7 
the  pulse  repetition  rate..requlred  of  the  thruster,  Thus,  there  exist .  fundamental 
"gi^stions  concerning  the  clutj^e/tUecharge  x^cle.  for  optimum  capacitor  life.  .--  --..  ... 


* 


v- \  JT':  ™'  '  it"te  kiMwn.that'  a'drc 7-  capacitor  haa  'an  inherent  d,  c.iife .  -This  ~.z 
life  is  the  humWrjtrf  hoyra  the  c^citah  c^  artistically  remain  ^  charge  at  a—  -  -  - 
given  voltage  level  before  faU\ire..:'.tt'ia.  safe.  to  assume  that  a -pulse  capacitor  will., 
alec  have  :an'ahalogous  d,  c.^l^^e.^-Besldeo.tbi^^••  ^ •  k_'  Vr^-~  '-: 

also  have  a  pulse  life,. i.e. ,  tte^umber  of  conseci^iye  discharges  the. capacitor  ^  r 
is  likely  to  survive.  When  a  capacitor  is  used  in  conjunction  with  a’ power  .  .  . 

conditioner  in  a  aatelUte  and' used  intermittently  it-  ia  desirable  ta.knw,.the  best.  , 
charge  /discharge  pattern  which  produces  the  maximum  total  life  of  the  capacitor* 

An  attempt  has  been  made  to  answer  this  question.  In  particular,  the  expected 
relative  life  time  of  a  pulse  capacitor  (i,e, ,  total  number  of  discharges  until 
failure)  as  a  function  of  the  charging  time  and  the  holding  time  in  the  cyclic 
operation  of  a  thruster  has  been  examined.  As  an  example,  suppose  a  thruster  Is  to 
be  operated  at  a  pulse  frequency  of  one  pulse  every  six  seconds,  A  large  variety 
of  charging  schemes  can  be  conceived;  i.e.,  one  can  charge  the  capacitor  over  a 
six  second  period,  or  charge  it  over  a  1. 5  second  period  and  hold  voltage  constant 
(at  the  discharge  voltage)  for  4. 5  seconds,  or  one  can  charge  the  capacitor  for 
1, 5  seconds  just  prior  to  discharge  and  let  the  capacitor  remain  at  aero  voltage 
for  4. 5  seconds.  Of  course,  any  cumber  of  other  schemes  are  conceivable. 

Intuitively,  one  suspects  that  maximum  capacitor  life  results  when  the  capacitor 
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S?  eharged_  just  prior  to  discharge .  In  the  nearly  of  &  it  i  5  assumed.  that  if  a  pufso 
capacitor  is-tested  antii  failure  then  the  euro  of  the  percentages  pf  tbs  capacitor 
_il* 9.\  "J He time  experrie^Vat  _eaoh  ybltagCLState  expo rienced  d uring  the_c, urge  eye U.-_  1 
must  equal  100%  of  the  total  d,  c.  life  time  of  tbs:  capacitor.  Analytically,  this 


.~tj>potbeglO'C.aii-t^-wi'itten-ia'the-form:- 


1  l&iiure..  K  toe  constant  .defined  by;the_ 

-voltage  power  law  for  the  d.c.  life  of  the  capacitor  <L  -  KV'  ,  with  L  the  life 
in  hours,  V  the  applied  voltage;  a  an  empirical  constant  approximately  equal  tu 
6  for  mylar  capacitors),  V(t)  the  charging  voltage  wave  shape  and  -  the  period  of 
toruster  operation,  •  •’  -  -  ..... 

“  "  To  illustrate  the  applicatiim  of  the  results  of  the  analysis,  consider 
the  three  charging  modes  mentioned  above.  Assume  a  constant  power  charging  "  ~ 
scheme  such  aa  produced  by  the  Wilmpre  power  conditioner.  The  three  sample 
charge  cycles  are  illustrated  in  Figure  1?  and  are.  defined  as; 


Cycle  i:  ..  . 

V(t)  -vm  ./"? 

---  -  •  ••  0  st  s  1,  5  sec  - 

Wit)  -  V 
-  m 

1,5  5  6  sec 

Cycle  2; 

v(t.  -  vm  .jt!  Tt 

0  ^  t  s  6  sec 

Cycle  3; 

V(t)-Vm  JT/  ,r~T 

O  s  t  c  1,  5  sec 

V(t)  -  o 

1-  5  s  t  s  6  see 

Substituting  these  into  the  former  relation  with  a  =6  yields  the 
relative  number  of  discharge  cycles  until  failure. 
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Figure  17.  Capacitor  Charging  Ai&ernaiiyes 


6 


i\  ,  -  0.205  K/V 

1  m 

M„  =  0. 667  K/V  6 
&  m 

M0  =  2. 667  K/V  6 

3  m 


These  results  indicate  the  expected  d.  c.  life  of  the  capacitor  using  charging 
Scheme  No.  3  to  he  4  times  that  of  Scheme  No.  2  and  13  times  that  of  Scheme  No.  1. 
Hence,  of  the  three  charging  schemes  posed,  the  third  scheme  would  be  most 
preferable.  Of  course,  if  the  number  of  cycles  M.  should  be  larger  than  the 
number  of  discharge  cycles  expected  from  charge/discharge  tests  carried  out  at 
the  voltage  level  V  ,  then  the  lower  number  of  discharge  cycles  would  govern 
capacitor  life. 


The  above  results  were  discussed  with  the  Sprague  Electric 
Company.  Based  upon  their  experience  with  pulse  capacitors,  it  was  concluded 
that  the  ordering  of  relative  life  would  be  as  predicted  by  the  above  analysis.  It 
was  pointed  out  that  experimental  verification  of  the  hypothesis  would  be  rather 
costly  to  carry  out.  Therefore,  no  experimental  check  of  the  hypothesis  was 
carried  out  during  the  effort  being  reported  upon.  The  results  are  nevertheless 
significant  in  that  they  show  a  preferred  maimer  of  thruster-capacitor  operation 
for  optimum  life. 

2,2.  lb  Preliminary  Analysis  on  Thermal  Testing  of  Capacitors 

Based  upon  Republic's  experience  as  well  as  conversations  held  with 
capacitor  manufacturers,  it  has  become  evident  that  there  is  a  lack  of  information 
concerning  the  thermal  properties  of  pulsed  capacitors.  Specifically,  the  following 
questions  can  be  raised  in  this  area: 

1)  For  a  given  capacitor  operated  in  a  given  mode 
what  is  the  peak  steady  state  temperature? 

2}  For  this  same  capacitor  using  known  materials  of 
known  thicknesses  what  is  the  equivalent  thermal 
conductivity? 


O  Does  the  thermal  contact  resistance  at  the  interface 

of  each  layer  play  a  significant  role  in  the  thermal  be¬ 
havior  of  a  capacitor?  Can  this  resistance  be  evaluated? 

4}  Based  upon  published  energy  dissipation  factors,  can  the 
heat  generation  in  a  given  capacitor  be  predicted?  If 
this  can  be  done  a  meaningful  figure  of  merit  (thermal 
Q)  for  the  capacitor  can  be  predicted? 

5  Using  a  simplified  model,  can  an  analysis  be  carried 
out  which  would  permit  one  to  correlate  experimentally 
determined  values  for  the  foregoing  items  with  the 
analysis? 

G)  What  tests  would  be  required  to  do  the  foregoing? 

In  order  to  answer  these  questions  meaningfully  it  has  been  found 
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necessary  to  suggest  the  following  two  tests. '  The  first  is  to  obtain  an  empty  case 
from  the  manufacturer  and  to  install  a  resistor  in  the  case  and  thermocouples  on 
the  case.  The  un  t  is  then  mounted  in  a  vacuum  chamber  and  operated  at  several 
steady  power  levels  to  the  resistor  while  monitoring  the  thermocouples.  Such  a 
test  has  been  cont  acted  on  a  Maxwell  capacitor  case  and  it  yields  the  effective 
cmissivity  of  the  case.  The  second  test  consists  essentially  of  centrally  mounting 
an  internal  thermocouple  and  also  an  external  thermocouple  on  the  capacitor.  The 
steady  state  temperatures  are  monitored  under  various  operating  conditions.  Based 
upon  these  two  tests  it  becomes  possible  to  immediately  answer  questions  1,  4  and  6. 

A  preliminary  thermal  analysis  has  been  carried  out  for  simplified 
slab  and  cylindrical  models  which  indicate  that  questions  2,  3,  and  5  can  be  answered 
in  the  affirmative  when  the  analysis  is  combined  with  the  two  tests. 

In  addition  it  may  be  possible  to  correlate  the  electrical  quality 
"Q"  of  a  capacitor  to  the  thermal  "Q".  It  may  also  be  possible  to  either  explain  or 
predict  capacitor  failures  when  the  failure  mechanism  is  thermal. 

The  thermal  conductivity  of  a  foil  type  capacitor  can  be  very 
difficult  to  estimate  from  the  knowledge  of  the  materials  used  and  their  thicknesses 
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since  there  may  he  as  many  as  a  thousand  interfaces  per  inch  of  capacitor,  each 
having  an  unknc  vn  variable  contact  resistance.  Assuming  zero  contact  resistance 
and  alternate  fed  layers  in  a  semi -infinite  slab  type  unit,  an  expression  can  be 
derived  for  the  difference  Id  temperature  between  the  centerline  and  any  part  of  the 
capacitor  in  ste  ady  state  as  a  function  of  the  volume  heat  generation,  the  thickness 
of  each  foil  and  their  thermal  conductivities.  This  analysis  can  be  also  extended 
to  include  them  al  contact  resistance  and  several  foils  in  series.  In  addition  to 
the  slab  geometry,  a  cylindrical  geometry  has  also  been  analyzed  and  a  recursion 
formula  developed. 


Based  upon  the  simplified  analysis  presented  below,  it  will  be  noted 
that  an  equivale  nt  uniform  thermal  conductivity  can  be  calculated  which  can  be 
correlated  to  tin  materials  and  their  thicknesses.  From  this,  one  can  possibly 
estimate  the  thermal  contact  resistance,  the  heat  generation,  energy  dissipation 
factor  and  a  figure  of  merit  for  the  capacitor.  The  inclusion  of  an  internally 
mounted  thermo  couple  therefore  appears  to  be  desirable  as  a  technique  for  providing 
additional  inf  or;  nation  to  evaluate  the  macroscopic  properties  of  a  capacitor. 

A.  Slab  Geometry 

Assume  the  capacitor  consists  of  alternate  foils  of  thickness  tj  and 
a  respective!  /.  The  construction  is  a  slab  infinite  in  the  "y"  direction  and  having 
a  uniform  heat  generation  in  each  of  the  heat  generating  plates  (see  Figure  18). 
Alternate  plater  generate  heat.  Consider  the  unit  to  be  symmetrical  with  heat 
removal  at  ±  x.  The  volume  heat  generation  will  be  denoted  as  q,  temperature 
as  T,  thermal  conductivities  as  K. 

The  governing  heat  transfer  equations  for  the  heat  generating 

section  are: 


and 


*/t=  -  | 
dfr_  a 


dT  = 
ax 


a*  +  c 

K  ci 


(a) 
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For  section  (1) 


Figure  18.  Slab  Geometry  Notation 


dT 

—  =  0  @  x  =  0  /.  cx  *  0 


X  =  -32L  +  c. 


2  K 


x  —  0,  T  =  T, 


CL 


•  •  C2  "  TCL 


and. 


qtl  2  1 

T1  “  TCL  "  8K  ”  TCL  Qtl  (  8K  * 


All  of  the  heat  generated  in  section  (1)  must  flow  through  section  (2). 

qt, 


^2=  -f 


(1) 

Therefore, 
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*  "j 

/'  ii 


♦  i 


To  ~  Tr  t  ‘  '.Sti  -i  ' oV 


—i.’  \ 

-  gy 


"  O  — '  n"  —  "  ' 


?3  ?Ci>.  ~  (-.8K  '  +-  2KX  -* 

-V' 

^t5  =  v^cl. '9!i  Ik  '+  £kJ^. 


* 

i 


JS  >->  1  T^, 


T  — -t  —f  2  ,  25  •  3  —  > 

.  ■-.} ; ;V.T -t  ?ir~-TeL"  :%  ,*i'  sk  '  .2  vk^  '  ~  •;. 

-  Generalizing  for  odd  gad  even  sections,  -  '• :*  -  __  ..  •  • 

°^k -+  t  ‘  ■ 

iNti  '2  r  i  -t  ^ 

Simplifying;  *CL  "  TK  "  q  (  ^  }  |j_  2lT  +  T ~  y 


Ntx  2  ,q<  ,•> 

Ae  a  test,  if  Kj_  -  “  /TCL  "-T^  =  2k».(-~  )  —  —  -where  t  is  the  half 

thickness  of  the. slab.  This  corresponds  to  a  homogeneous  slab  with  uniform:  heat 
gereration  and  this  is  the  result  usually  found  in  standard  taxts. 

if  we  wish  to  express  the  foregoing  in  terms  of  an  '  average'' 
thermal  conductivity,  ^AVg  > 
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•  l1!  .  ^MV'-v  •  .11  .  V,^r’  : 


*  o 


r 


Section  5-  «•  B<?a:t  Generation  and  Conductfon  from  Sections  (1)  $3*i  (3 


Summarizing  the  foregoing,  one  has 


ih _  ( IhtiY 

N-lKi  V  To 


TlKse  summations  could  be  very  tedious  and  could  readily  be  carried 
out  on  u  computer  if  it  is  found  to  be  -v ^rranted.  Otherwise,  a  "homogeneous" 
solution  could  be  carried  out  to  determine  an  equivalent  set  of  properties  or  else  the 
slab  could  be  used  as  a  first  approximation, 

Motivated  by  the  above  considerations,  a  thermocouple  was  imbedded 
in  the  windings  of  a  capacitor  during  its  manufacture. 
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...  '  2.2,1c  C apacitor  Quality  Q  by  Thermal  Tests  . 

-  •  -  - '  When  a  manufacturer  quotes  the  ‘/Q*'  <rf  a  capacitor  it  Is  usually  a 

number  derived  from  the  testing  of.  a  email. test  coupon  under  coalitions  that  may  .  .  - 
.^v  idelyyliffe  r.  f  r  om ,  the  .actual,  conditions  that  prevail  during  use  of  the  capacitor...  A.  ' 
steady  state  thermal  method  can  he  uaed  to  evaluate  a  meaningful  figure  of  merit-  -  " 
(effective  Q)  for  capacitors.  Tbe  proposed  method  consists. simply  c*  evaluating 
the  steady  state  beat  loss  from,  the  capacitor  under  a  given  set  of  operating  conditions. 
This  -method  cap  be  used  for  bench  tests  as  well  as :  under  operating-  conditions  fn  V  ;  * 

, vacuum;,-  In  addition  to  both  air  and  vacuum  operation  being  amepable  to  a  e implex—" 
analysis,  calibrations  can  be  performed  with  relative  ease  for  both  modes  of  .7 
opera ti  on.  -  • No  spe  cinlhquipmeiit  ia.r equired; and.  the8e>tesfa  .can  be’ performed  using,:, 
theirm  peoples,  a  high  voltage  probe ,  and  ja:  resistor  (or  light  bulb).  -  The- detailed  7  - 
•7 obaAdetraiZon?  -and;  tribal  data  reduptioo;^ i or  ;the^ebeat 

:  .capacitor  are. given  below 7.,  l ' 7’:: : ::: 7 .7 7 


The  proposed  figure  of  merit  Q  is  defined  as  follows.'' 


ti'-f:  q  V  energv  stored  in  capacitor-  -  ."power  stored  In  -capacitor 
-  -  energy  lostperdisc barge  ;  -  power  lost  in  capacitor 


"  In  the  steady  state  all  of  the. beat  generated  within  the  unit  must  be 

radiated  acd/or  convected  away  from  the  oim  ide  of  tte  capacitor.  Therefore, 

a  power  stored  In  capacitor 
w  heat  lost  ~ 


and 


where 


Q  *  9Y^j  {after  steady  state  is  achieved) 

a  *  discharge  rate  -  pulses/sec. 

C  *  capacitance 

V  ■  voltage 

q  *  total  beat  loss  rate  per  unit  time 
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B. 


Bench  Tests  in  Air 


- --- - ' r;  _  Let  us  assume  that  a  capacitor  i  e  bench  tested  m  discharge  nto  a.;  \. 

acd  inductance,. .  After,  several  hour*  of-  - 
.operation  a^steady.'outer  case  temperature  .will  be-  attained.  which  we. wfU‘‘ denote  as'-' 
Te> .  and  which  one  cinmonitor  with  thermocouples.  The  fuli  charge  voltage  and  "  '  '- 
v«r^n.^'j,ate  will  also  be  monitored.  Using  the  definition  of  Q  .given  in  A;  ^ 

,  o  n  (1/2  cA  ,  . .  •...  n  (1/2  CV2)  ' 


:  U^<Te'To) 


where: 


•  V  •;  Overall  coefficient  of  beat  transfer  including  radiation 
and; convection / 

A  ■  -<  ~.s  j-  Surface  Area: ':v,'  '•> 
TQ  - .  Ansbient  Wmperatuw;" ;  ^ 


"""'2' ' V"-' o* Initerept'^'i;-' can  ^taHeinae^;  1  Btu/hr;. 
ft -“f"-  for  the  cylindrical  portion  of  the  capacitor  and  1,"  7.  Btu/hr  ftZ°f  for  the  base  of 
the,  capacitor^;  Since  the  arrangement  at  the  top  ctf  the' capacitor  is  relatively.  ' *  ; 

l^J<v  may  ho  the  ttwai© " '  •  ^  ; 

co.nflgyxatipn,  it  Will  he  ‘neglected  at  t&s  tdrae^- /I  ^ 

As  an  example  of  the  procedure  let  ua  take  a  Maxwell  capacitor  ” 
operating  In  air  at  a  discharge  rate  of  .1  pps  and  having  an  average  case  temperature 
of  120T,  This  unit  la  1  cylinder  2-5/8”  di.in.eter  x  6-1/2”  long.  It  fcaj  a  :  '  v; 

C  ~  18.9  uf  and  let  us  further  assume  it  is  operated  At  J  aOO  volts.  Tterefoxe, 


1/2  CV^  *  21, 3  joules 


and 


q  =  UA  <Te  -  T<>)  ,  +  UA  <Tfi  -  T^)  base 


Q*  1.72 


42. 3  Btu/hr 


If  the  equilibrium  temperature  had  been  measured  as  MQ*F  under 
these  conditions,  Q  would  have  been  calculated  0,  955  which  ia  not  meaningful 
»uu*  H  Cimuhjv  w/  ucuwuuu;  ue  «:*•  mu  ulul>.  /*  v/piuiu  pim  ui  versus 
capacitor  temperature  in  air  might  be  as  shown  below  fox  the  Maxwell  ryp^n/ir 
used  In  this  illustration, 


e: 


/  :  v  Schematic  Q  Variation  /'•  '  '  ^ 

j^^raod  gboviei  U  should  .also  be  a’ 

9  versus  T  .  If 

*>«*»  ^M^cMe  Aii 3^r*%$ba&:M 
as  ^function  .of  the  power,  to  the  l«td  • 

J'.^^f'-^?i^f*>-:-  At  this  point.  9  ..If  plotted  as  a  function  of  caae  temperature  and 
Q  if  evaluated  from  the  teet  as  before.  This  gives  an  independent  chock  an  both  . 
5  ****  ^  "**^  **  vtwld  b«  expected  that the  Agreement  between  the  calibrated  and 
calculated  values  of  Q  would  agree  to  within  jt  20%, 


Tests  in  Vacuum 

.  During  testing  the  temperature  of  the  capacitor  can  be  monitored 
atkd  it  is  observed  that  equilibrium  temperatures  are  usually  achieved  after  2-5 
hours  <rf  steady  testing.  In  a  vacuum  chamber  the  predominating  mechanism  of 
beat  transfer  is  radiation  and  q  becomes; 


rherc; 


$  c  a  A  £  <TC4  -  T04) 

~~  “  Sioliu-Bolismann  constant 

£  *  Effective  emlsaivity 

T's  *  Absolute  temperatures. 


■The  effect)?'# :£sussiyity  is  s function  jpF the  painted  coating  on  the 
capacitor,  Based  . upon, t])e  .data  in. Hsu  and  Kern* 7 ^  a  reasonable  \?>iue  to  use 
is  Ooyx<His)y,^ll  tl)e  !n^ufar:turer  inipv,’3  the  cirissiyity  ptircanbe... 

established  from  test  (as  will  be  Indicated  later  on),  this  w  uld  be  preferable. 

Zn':a;:J^.wat^te;st^wtth  the,Ma?ov.eil-bapheUQj^ ‘llw.^'e^tii^.c^dlt3dai’-I. 
the  case  .temperature  was  ;l&o*F ;.at  <equilibriuni  when  the  engine  was  pulsed  at 
.1  pps.  Using  this  figure, 

'  .  -1.  _  ,  rm*  ..  ,  r-12  '  -  ^(2.625)  (6.5)  ,  ”  <2. 625)2ir  ,  ■■  ■ 

q-  im  X  10  K,  5  14,4  +  4  W 


q  -  .17,  ,9  Btu/hr . radiated 


Q  -  4.  95 


Carrying  out  this  calculation  £or  Q-..1  yields  T  .-270*2.,  .A 

v 

typical  piot  of  Q  -yeraue  Tc  for  this  case  would  .'pe  of  the  form. ..shoyrr below.  " 


~7>0  ~SOC 


Tc-^,  *r 

Figure  21,  Schematic  Q  Variation 


64 


-L  J 


■n 
i  \ 


t  J 


0 

0 

0 


t-  ■ 

'L 


j 


r-i 

-r  -j 
ll-c'l 

r! 


D 

n 

u 

D 


.  A  calibration  lor  vuc-uum  operation  can  be  performed  as  was  done 

for  the-'-'air  css:'"'  .considered  and  the  dnta  reduced  in  the  same  manner. as  previ-  ~ 
ausly  noted,  TiK  effective  emiaaivity  .cl  j),  5.  assumed  . appears  to  be  a  good 
.;;  estimate  for  this  quantity  but  t*  is  possible  to  be  in  wror  due  to  thin  assumption.  - ' 
-  .XUs  .ea.tima.ted: that  themaximum.errorto  bei  in  thie  taluer ~~  -m 

XX  the  capacitor  has  no  case,  a  ihi"  mocouple  eanbe  attached  to 
it.s  .outside  aad  Q  estimated  using  the  foregoing  r;.ethods.  Also  a  calibration  can 
be  performed  by  using  the. outer  .winding  material  as  a  case  and  inserting  a  heat  -  ' 
sbqr.ee  inside  the  hollow  shape  ma.de  of  this. material  to  the  .shape  of  the  capacitor-' 
to  perform  the  calibration  as  has  been  previously  indicated*  •  ’  .  .T.'dd  V 


-It  is  believed  .that  the  foregoing  method  of  testing'  capacitor s  will  ^ 
yield  the  most  meaningful  .figure  of  merit,  for  actual  operation  of  capacitors  in  a  :- 
pulsed  micrcthruster.  It  is  recommended  that  a  comparison  of  the  results  as  ' 
obtained  by  the  method  proposed  be  made  with  re  suits  quoted  by.  .apacivor  : .  J-:-;-. 
manufacturers  using  bench  testing  techniques.  .V . 

2,3  POWER  CONDITIONING  5UBwS.YS.TEM 

.  ..  :2y3..  l  ;Gener-al~-  -  -  -  - l..  -..  lit — —  :1  .t..  . .  . 

The  power  .conditioner  must  perf  orm^ two  functions.  It  has  to 
.accept  a  lew  4,  q.  voltage  (typically  1C  to  28  volts)  and  convert  it  to  a  high  voltage 
(typically  1000  to  1500  volts)  and  it  .must  also  transfer  energy  as  efficiently  s* 
possible  into  the  thruster  energy  .storage  capacitor.  Ordinary  dc -4c  converters 
are  readily  available  whiuh  have  a  conversion  efficiency  of  about  S0%.  If  ordinary 
HC  charging  is  used,  then  the  capacitor  charging  efficiency  will  be  limited  to  show; 
£>0% ,  Hence  by  iwapphissicated  techniques  one  arrives  .at  an  overall  power 
conditioning  efficiency  of  only  about  25%.  Obviously  a  25%  efficiency  is  . un¬ 
acceptable.  Jor  this  reason  .considerable  analytic  .and  experiments)  studies  were 
carried  out  at  Republic  Aviation  prior  to  the  present  program iar  the  purpose  of 
improving  this  efficiency.  Prior  to  the  present  program  a  solid  .state  power 
converter  was  developed  at  Republic  which  hod  experimentally  realized  an  overall 

ftffij’ienrw-rrf  filyi  ftp  :nrft«j>rvt  nrrwrowi  f/w  Avm«il«iUn  ~1« 

- — . — v  -,w-  jr —  f  -  '~m“~  •»*^*w»*  cutu 

conversion  techniques  with  an  overall  efficiency  of  &0%  to  80%,  it  was  believed 


Ufef.  the  .upper  value  oj.xhe  target.etticiency  might  pe  realizable.  Indeed,  £he  -r:- 
s.tate-ot>the-aPt  a:  the  power  conditlonipg  subsystem  for  the  pulsed  plasma  micro- 
. Uu'yjjiiej  iab.  by  the  present  eitori  beem/adtaaced  to  experimentally  . realize  an  over- 
•  ^jL^fficl^ncy^froni ;.73 ;  jo.-Sfficl  _Jf.  weight  and  volume  were  not  also  prim>»  conaider—_ 
aliens ,  it -Is  ^  ati^^  ted^that__a3_  :CpuI{?  be  arrived  at  as  the  upper  -  -i. 

practical  limit  by  the~preseot.  techniques  employer *  \\-.  J 

:  V  v  cyndiUoning  subsystem  was  .designed  and  built  oy 

Wilmore  ElactrOTice,  lac.  to  specifications  of  Fairchild  Hiller,  RepubUc  Aviation  \ 
Division.  The  technique  hag  been  discussed  in  some  detail  in  References  8  and  9. 
Basically Thraall  energy  bits  are  switched  at  a  rate  of  from  5Kc  to  20  Kc  into  the 
PJiniary  erf  a  transformer.  The  secondary,  winding  of  this  energy  storage  trans-  : 
former ,  the ;  flyback:'  circuit,  appears  as  a  current  source  rajther  than  a  "voltage 
enabling  it  to  deliver  energy,  efficiently  to  the  thruster  energy  stowage 
capacitor, -.  Shi^  the;  source  and  the  load  are  never  directly  coupled  to  each  other  • 

.  the  priraaiy  circuit  becornes'  prqtected  from.  load  shQrt  circuits  sucfa  as  occur-; 

-  i  v  v~.  "•\,vv V 

■A  ;.■*  .-Ur.' 2. 3, 2  Analysis  _ _ ... _  ~L_  = 1  .  ..•  ■:  _ 

•;  .  ’  -  -  - :  T >V ilT» o Electronics,  method  0/  power  conditioning  inyoivegr.;  ’ 

a  two  part  process  by  which  energy  is  transferred  from  c  low  voltage  fixed  ypltage 
source  to  a  capacitor •  charge  at  high  voltage  with  high  efficiency. f~  In  the  first  half 
af  the  repetitive  process  energy  is. stored  in  an  inductance  (the  primary  windii®  of : 
the  main  power  transformer).  When  this  energy-  reachee  a  predetormined  level, 
the  primary  connection. to, the  low  voltage  .source  is  opened,  and  the  resultant 
inductively  .stored  energy  is  .switched  to  the  secondary  af  the  m&lnjjawer  trans¬ 
former  which  is  connected  to  the  capacitor  load  through  a  diode  in  such  a  polarity 
thnt  the  ttiede  ie  forward  biased  to  the- resultant  secondary  current  flow.  Charging 
current  flows  until  the  diode  is  hack  biased  .(or  until  the  current  reaches  zero). 

This  basic  charge  cycle  is  repeated  periodically  until  the  capacitor  is  charged  to 
the  desired  level. 


Because  of  the  fact  that  a  predate  mined  stored  energy  is : switched 
each  cycie  of  the  charging  process,  the  process  has  been  described  as  constant 
power  oharghjg.  If  a  fixed  repetition  rate  is  maintaineti,  then  the  cyclic  average 


tvow^  up  tbf:.  lo^^yoltage  source  ^  constant.  .This.  does  not- imply-., 
however/  that  the  .xat^rsf:  eaci*gy  brasher  :io:Uifc  i  jaii  adll  be  constant.  --An  analysis' 

:  has  fieeo  performed f-  ,to  deternUiie  j-x^fiBsianfi  for  tfas  efficiencies  of  jtfae  above  ' 

outlined  canacjtnr  chargmmgogssti;  _ ~  .1 . ~~ '  •  r-.  — - ..  - 

■  ..  .  -Tsl'‘  ...  r’  *■''  v  ~*r.«.j^.M-iy<>-rgticycie,  tnexe  will  &e  aa 

“^1 :  J«5^ary;cirftat: 

.  Sparge  cydlee.„Jbere  will  he  an  initial  charge  on  the  load  capacitm.ce  which  we 
denote  as  Q(p).  This  will  vary  from  zero  at  the  first  cycle  of  ^  charging jjrpcees 
-1?.  &W&  cyt-ie.  of  the  charge,  process..  •• 


*-r  -  -  -  -  ->  ^  the.accompaiiying  analysis  expressions  have  been  dgriTOd.Ior  ’  ~ 

the  efficiency  of  energy  storage  in  the  primary-  of  the  power  transformer  and  ;  -V 

^cJ®5^i°^^„aigh  ^  e8taJ>Usted/.ai«i/.jOT  the  efficiency.of  -  *•-- 
rgg^itor  charging  in  an  E,  L,  C,  circuit  v/here.tbe  initial  current  is  j  Tin)  the 

.  tfae  capacitor  is  Q(o)„r  Algebraic  erpressionH.for  efficiency  are  , ; 

iwraiueters  aad  for  ink^^ianped  j^munsmrs.  -Several 
indicative  numerical  examples  «r»  pr»»wrt^-;"  ~  -  •  •  -  . . .  — 


-  Ener*y  transfer  from  .the  low  voltage  power  source  to  tic  primary 

of  the  power  tr^farmer  is  .coaaixiered.firflt,  '  .  '  V  '-  ••■'  - 


figure  22.  Eautvalaiit  Circuit  Schematic 


Current  in  tbe  above  circuit  is  given  by; 


Efficiency -is-defined -by: 


r  _  energy  stored  in  inductor  (LI 
i  energy  extracted  from  low  voltage  source  E 


"  (t)2 

V  T~— “ 

r  E  i  (  .  )  d  T 


Substituting  (1)  in  (2)  there  results: 


=  JL 


K-V-l*)2 


•  •  —  1  2R  .  R 

: . -7 . -  L  >] 


We  next  make  the  assumption  that  f  t  «  1  for  with  f  t  large  in  (3),  .  t  is 
small;  this  is  of  course  not  desired.  Thus,  with  t  small  we  approximate 

.  -  ------  JU.-  ■  ...  .  -  - 

exponentials  in  (3)  t rj  several  terms  in  tbe  series  expansion; 


x  .7l=  s.  t . ££.  ; 

L  2L2 


R3.3  _ 


Substituting  this  result  in  (3)  and  upon  appropriate  simplifications  yields: 


m.  +  is  rv _ 


It  is  Been  from  (4)  that  if  t,  the  time  at  which  the  switch  is  opened,  is  chosen 
short  compared  to  the  basic  time  constant  L/R  of  tbe  circuit,  high  efficiencies  for 
the  first  part  of  the  energy'  conversion  process  can  be  obtained. 


■  '  •  •  '  :•  •  The  second  part  of  the-energy  conversion  process. consists,  in  -J- 

transferring  the  energy  stored"  in  the-first'part  ^  th-aome  ^ 


the  capacitor  which  is  the  ioad.on.the.power.conditfoner.:  -The,clrcult  is  shown,  in 


t  SWITCH  OBENECTAT'T'O 


Figure  23,  Equivalent  Circuit  Schematic,  Continued 


In  the  circuit  of  Figure  23  it  is  assumed  that  prior  to  t=0  the  current  I(o)  is 
.established  in  inductance,  L,  At  t’-O  the  switch  S-  ls  opened  and  a  charging 
current  i(t)  flows  in  a  manner  governed  by  R,  L,  C,  and  I(o)  ,  Q(c),  the 
initial  values  of  i(t>  r.id  q(t)  the  charge  on  the  capacitor,  respectively.  The 
process  is  assumed  to  continue,  'util  hte  current  i(t)  crosses  0  at  which  time 
due  to  the  presence  of  a  series  diode  in  the  actual  circuit,  the  second  part  of  the 
energy  transfer  prooess  is  completed.  Below,  expressions  are  first  developed 
for  l(t).  Then  efficiency  for  the  second  half  of  the  charging  process  is  defined. 
Be  suits  for  i(t)  are  applied  to  the  efficiency  expression  and  expressions  are 
developed  for  efficiency  in  terms  of  R,  L,  C,  I(o),  and  Q(o). 

In  the  time  domain  for  the  circuit  of  Figure  23,  once  the  switch 
opens  we  have  the  following  differential  equation  governing  current  in  the  circuit: 


£1L  i.  di  j,  3.  = 
dt  “*  c 
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or’  in..te.rm?.  solely  tftte  variable*^  (l  =  :T  ^  )  (5)  be^oinjBB 


-:i - 


:dt 


dt. 


c  ■• 


(6) 


;:..:;lTo:?c^ 


—  ..  V-«-  , 


►X£a 

W: 


r::i(o);.  .::: :  :.7;  v  <7)U 


.-.  ■  From  (7) ,  (6)  there  results:  —  .  v 


:■  •  :  7.  ::Q(p)  *•  —  9  p- 


Ti.-nt.  »_*  •’,.  *::r 


+  L  1(0) 


rV  Lp^:+  Rp  +  .  J,  -  .  ^  ;77.. 


(8) 


7:;-W7„Y-:;7  -7  J««piioer Xtrau sf Q3nn:'’ 'CU^.K^nt-' - 

we  take,  note  of  .the  following: ••;;  "  -  ~7  .  ~ 


-  .■■  .•  1 :PQ  JCPX  r^9(P)r  .-  ••  t 


7(9} 


: 7  substituted  into  (8),'  ;eq.uatl.qn  (9)  becomes:;:  "  “ 

m 


(p*ft 


p*£  (i+f¥cy' 


(10) 


la  order  to  take  the  Inverse  Laplace  Transform  of  (10),  it  is  necessary  to  stipulate 
to  a  degree,  the  parameter  4L/R2C.  If  4L/R2C  f  1  we  get  by  partial  fraction 


expansion  of  (10) 


I(P) 


JlSi  .  W}  *  «°> 

2  '  il/i-Wc 


z 


msi 

RC 


R 

.  i  r~ 

4T  .  ^ 

n 

!  r~ 

P*  2L 

(  A  i- 

2  ^ 

RC 

P  +  2t  <  1  + 

V 1  ~  z*t  ) 

‘  RC 

(11) 
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- -r  w  r-- 


•  •!'  ...vA'S  V- V  .;v: 


;  r-.  rV/'.-i-U  4**-  .V;  j-’:* 


".The  Inverse  Laplace  "Transform  -of  a  func  tion  of  the  form 


- — ■ J',  is  given  bv:"  ‘  •.%  ,v.:  .  v-': ’•  >•  ,VK- 


P  +'4> 


■  -  •  5C  3 J  '  ,v  H:  •  —  *<12)-^ 

.  •  r  •  •  .»  A  *i.  *>  •*...«»  _>•*•*./  ,■>  .  •  *«  w  --.  _  ..*•» :  »*•■  j  •  •*»  r  '-  ...  *  *v_  ^ 

‘  Applying.  (12)  to  (11) ; and  paaking  use  of ^tto^prcfp^.rty.  that  the. Inverse  Laplaoe.  .;/..  ^ ;•'• '; > 
Transform  pf  the  sum  1  b.  ttejs  um :  of  .the  'bv^rse^Lapla^^^anfifprnj^^V^e^get^;  • 

-for^4I^Ii2C  1“  f  *  '---*-*—  '  “  *-?  '  ‘  ' '  •  - - 


Ut)Ml(6)e 


.”  2  l.  •  R^t  l/'  i  ik  ■  *  "  •  21*;  ' '  - 


If,  on  the  other  hand,  4L/R^C  s*  1,  (10)  becomes: 


.10)  > 


*<°>  -  If  :  -':v 

vlr.* 


<X4) 


The  Inverse  Laplace  Transform  of  a  function  of  the  form: 


F(p)  ... 
2  ~ 

(P^y) 


>[F(p)ept] 


p  =  -  w 


Applying  (15)  to  (14)  where  F(r<)  -  pI(o)  -  and  w  Q  =  ,  we  get: 
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charging 


«£*  __  7<iia  ''-S’  •  -  \*«  *  A-»*  '  — •'  <*.*».."  »  * V*‘  •*  •  ■■» .  '2'*’  ’  *  •  "*•••*"-  *•  '*  •'  *  ^1»4  »f  '•  ‘  l'.  V»  >  V  * 

’ '  i  •' -vUv.-- J  By .(13).  -the  case?.  . 4L/R ;. 6:.#-;i^>beccme#V.;;>V;‘^!v: • 

!? “  -  •  JV;K  ■  V: .  V- ^  *• •; •.-•  '•'£* ij  •  - ; 

••  --  ---•  ~  -'  -•  -  -  •••-<‘"  jL  c-  ‘  R'  C 

{'•V-  ■  '•  .••  -Y-.'i:' .;>••.  .- . :  >';■•■'  ■'•  .  ..V  ‘<17 


The  second  has*  <4L/R2C  «•  1 )  yields,  by  (16V  '  '  '  —  ; 

O:..  V-VA.V  •*  -J  \-C  »•..  •‘VJ'aV*  . -V.'  .T-..  -.•  : -y  ^  f  •  w  >  •  .-  ...  .  .  f  ;»  sfUi*',//'  - 

.i  V.^/.  '■J  •*  i*  .  *(•.».»  5  A  V^..  .-•*  .  -f  .i  *■.'.<  ■' ';*r3».y; 


.:-:i>;!  ^ t  '  2LC  Ko> 

;  V  /'  0  .  1(0)  JRC  +  2Q(o) 


We  next  proceed  to  the  efficiency  calculations.  The  efficiency  of  energy  transfer 
during  the  period  0  <  t.s.t^  will  be  given  by  the  ratio.of  the  energy  gained  in  the 
capacitance  etored  energy  to  the  energy  initially  itored  in  the  inductanoe  L.  ;  . 
Thus,  for  this,  the  eecond  part  of  the  charging  prooess:  ’’T-..-  '.v  v  . 


2C 


§LJ^)2 


where  ie  defined  by: 


Mpi 

2L 


F 


Qto  =  Q(°) 


j  i(t)  dt 


o 


(20) 


Efficlencyexpiassions  have  been  derived  lor  the  cases  4L/B2C  >  i  (under-damped) 

ar.U  rL/B  C  -  i  (critically-damped).  As  evidenced  by  (20)  la  necessary  to 

compute 

t 

o 

J  i  (t)  dt 


■or  4L/R“C 


i,  (13)  becomes: 


j  Evaluation  of  f  l(t)  dt  for  (21)  yields: 

>  o 

i 


* 

* 
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and  by  (20) 


Substitution  of  (23)  into  (19)  yields,  after  several  manipulations: 


.  ~2 

N 

^erix 

-  3C; 

to 

1 

[.  -HVB 

to) 

i  Iibi  /. 

» -  <>«-»»>  - 

•-—  ■-*TVO  »•'.  K 

1  ^  f/ 

Jl.  ISL kV 

*£  \tm) 


(m) " Rc  *  LC  , 


---1 


:•  (25) 


We  next  perform  ti>e  efficiency^ 
by  (16)  . : . - 


ale Uatloa  f 9r  thti  ca»e  iL/R^C  *  I,  In  t&A§  case. 


[t-5'2"'<>  [ii] 


Ht  [ 


aiia)  .  9121 


«  .. 

'  21  0 


Subjtitulion  of  (18)  tato  (26)  And  maidag  ate  of  tins  fact  that  4L/fTC  *  1,  yleidt: 


0  -  I'o 

1  <t)  dt  *  -  Q{o)  +  Q(o)  c  ^  °  + 


--S-  t 

AT  *_ 


«o) «  21  ° 


and  by  (20) 


£q<o>  +  I(o)  €  2L  to 
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Substitution  of  i^8)  into  (19)  results  in  the  following  efficiency  expression  for  tfr*5 

critically  damp  .d  case: 


The  main  results  of  the  preceding  section  are  the  efficiency  expres¬ 
sions  (4),  (25),  and  (29). 


Equation  (4)  needs  no  numerical  interpretation;  Equations  (25)  and 
(29)  however,  are  somewhat  more  difficult  to  access  by  inspection. 

As  exemplary  calculations,  two  sets  of  more  or  less  realistic 
parameters  are  chosen,  one  under-damped  and  one  critically  damped.  Since 
efficiency  is  seen  to  vary  with  initial  conditions  two  extremes  for  each  case  are 
calculated  and  the  results  documented.  For  the  under-damped  case  we  choose 
L  =  2. 5  henries,  C  =  10  uf,  B  =  500  ohms  and  for  the  critically  damped  case  we 
choose  L  =  2.  5  henries,  C  =  10  y,  f,  and  B  =  1000  ohms.  I(o)  is  assumed  equal 
to  10  ma  in  all  erses  and  Q(o)  is  allowed  to  assume  two  values  in  each  case, 

-  0  and  10"2  coulombs  (corresponding  to  1000  volts  on  a  10y,f  thruster  capacitor). 
The  purpose  is  tc  compare  with  a  minimum  computation  the  incremental  efficiencies 
at  both  extremes  of  the  charge  cycle. 

For  Q(o)  =  0,  Equation  (25)  becomes: 

-  ft 

1  2  =  e  L  °  '  <30) 

where  t  is  given  by: 
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- — - v  7- .  00604'  seconds  "  ,  p:r 

3  3,(100) 


:7  -••'  7  (-).K-y 


, and.tr>'- (30),. 


2 


v  *'  S>_.  "X  .^r^.v  Trir~' .  t  ^ 


1.29/8%/::  -7^ 


•  V.**  '  '  ■.  >■»!#■  ’fr'  *  "  ;  o*^z.--*  — •.*■ 


.  For;  4(9)  *  IQ’2,  .numerical  »ubrttuabn  into  (25)  requires  perfwm log  computations?.: 7X 
•  •  -v  to.  S  pr-7 .decimal  piaoes,.  Wben.thia  waa  done,'  the  result  far' efficient  at  ;thi;‘  latter^-.-.;* 

/  .  ,.  :^v  ','v' •  ,''.rl.v,:- 


;-•  ;:2^  97.  35% 


(34)  x  ; 


The  correbpondJng  cttlcuisrtl  on*  using  (2?)  and  thecrMcal  darriperd  caae. parameters  _- ;- 
yielded' for  Q(o).»  r  '■■ ; ;  :X l  "i:/  *  -  .  -;r 


13-5% 


-  (35) 


and  for  Q(o)  -  1.0  ,  again  with  lengthy  computations, 


From  -steA^  few  examples  It  la  seen  that  a)  efficiencies  run  higher  in  the  under - 
damped  caae,  b)  incremental  efficiencies  are  lowest  when  the  capacitoi  la  uncharged 
and  reach  very  high  value*  for  the  final  charge  cycles,  and  c)  the  time  tQ<  Is  a 
variable  which  -depends  on  the  Initial  charge  <2(c),  in  this  particular  numerical 
example  ranging  from  £  milliseconds  for  the  Q(o)  <*  fi  charge  cycle  to  0/25  mil  11- 


•*rv,Mi ^  n  TetSi  eLa  tc-  1  /)  Aty  »1  niwWn  mImimm  -^TtW  ■ 

avj.  ■>■  ■  ^V7  *  *  vwmw**»sf*i  wi.i» jgw  wj v*»»<  assay  sssvwa  is.aui>  au||coi* 

that  In  order  to  build  up  the  capacitor  charge  in  minimum  time,  using  the  method 


outlined,  a  variable  repetition  rate  should  be  cmplcynd  hhnfrhTi^hfe  by' the  time 
l  ^o*  -?»*>  ^tB.  .^V  ausprt power.  oonditit»er  load;  capecit^w 
“*%  i»  partially  discharged  -into  ita  particular  toad,'  higher  dharging  HfTi>i»arie£ 
could  be  realized,-":' '  “  ’•  V-7..~r  •  •• 


,  haye'.beBO  developed,  for , ,  .J 

.  ?*“**£«  ^oiond^i  uaing  a  oonafeurt  e^rgy  per  *3  ole  p^erlcoaditioner  '  •* 

r  8itnf^-r-.tP  ^  flpetfepd.  r  Mare  complete  numerical  results  on. optimization-. 

can  be  pbtaiabad  iaiji  a  canaguter. to make  the  mwierouB  lengthy  numerical  ~  -.  •  - 
calculationa  needed  for  thi*  additional  work.  -  •  -  vr;  -‘T  - .  “7  -  '  " 

K‘i%^^ir2iS>-3^:'v^EjQ»rlineatail  StWt— •  "•'■  •  •  *-  •'- -:vr--;vr,.  .. 

’y  •/'•/  ; :  _•  •  e  ape  rime  gita Uy  deter tni he  acoial  power  nnnrijtinri^i£  •. 

•  r^^v: ‘‘ 

^ilmore  ^cfraaioB .  Inc.  in  aco  «danoe  witt  ^ 

/BapubHc  A  viattoii  Division.  „Jn  particular,  throe  different,  modela'  were  *'{*  .-•  / : 

’7,w-  ,ix-  .•• : ,77  *  '77  .•  cC»  .  •  7  ‘ '  7  ^777..,;, /;■;•  7; '  “■ 


•  '  J^S^SL  -  ’7  'v  Deacripf  'or  ••"•  ‘  \ 7  V  •'  ■■■.'. 

-  . 7  -t  -  r.  Breadboard  circuit  to  charge', a  7. ode  capaottorto  l  KV  ±  n% 

ata-xate  up  to  4  Hz,  or  nnyoomi ii'ju41on  cS  pulse  frequency  and 
-  diaobarge  energy  which  pee  ult*  inJXwatta  of  output  power  at  1KV. 

5082  rl  Same  a*  Model  1032,  but  package!  to  produce  the  higheat 

poaaihie  component  density, 

Brea&soard  circuit  to  charge  a  2D  jorile  capacitor  to  i,  6KV  ±5% 
.at  a  rate  qp  to  2  fit,  pr  any  conrfrit  ^tioo  of  pulae  frecutmoy  aad 
dlaol«rge  ercrgy  whiah  remit*  in  40  vast*  of  output  power  at 
1. 5JCV,  h  SOD  volt  output  ffM  also  >«i  osided  capable  of 
charging  up  to  {hi  pf4  iu  uatscm  with ; he  main  output. 

Allthasee  xcadei*  had  an uput  power  ttf  28yd,^ c.  Figure*  2*  and  25 
ebow  Model*  108  6  and  BC82-1  remeotteebr. 


5082-1 
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...  •  2.3.3a  i,tfj  Tests"  . ;;,r;  tt  •;  r: 

-  -  ••  '  --"Itwas  highly' desirable  td  life  teat -tbeipower-conditl oners  undei---- 

conditions  which  represent  .those  occurring  while  powering  a  thruster.  .  Therefore, 
two  approaches  were  taken  in  life'testing'of  power  conditioners.  In  one  case,  a  r'  ’* 
.given  power.  conditioner  was  used  to  power  thrusters  undergoing  testa,  A  'running 
record  was  maintained  of  .the  totalaccumidab*T  number  ofdigchargesto  which  the  ' 
power  conditioner; was  subjected; --"in  the.  second  case,  a  discharge .eimulatpr  w.aa  ;  j; 
deSsigred,  built',.'  and  uoed  to  Ufertest.a-ppwer  conditioner^^.  To  perform  this  : 
latter  -testing,  a  thruster  was  operated  and  the  discharge  current  and  vbltage  wave¬ 
form  s  were  -recorded,  -  From  the sei-  equivalent'fixed  values  of  resistance  and 
inductance  at  the  earn©  capacitance  were y calculated  which  wpuld  produce.;  the  same  .-  ' 

:  .yoU  age  4nd  durre  nt  shape  s’  an  ©q^ale  ’^ri©  s;: ©tt^diT^en/ :  thisy  y %  y 

equivalent  circuit  (the^-’discharge-simulator")  was  used  instead  of  a  thruster.;  '  y 
Figure  26  shows  one  of  the  simulators -that  was^used  during  power  conditioner  life  7 
tests,  ..With  this  technique  it: was  possible  tp.keep  the  power  copdidoner  in  an,]  -  ;:  :.y 
evacuated  bell  jar  while  tbs  simulator  remained  in  air,  ; y 


Table -5  presents  some  of  the  results  that  have  been  ohtained  with; 
the  three  different  models.  Model  1032. was  operated  for,4. 26  x,10f  discharges 
before  It  was  accidentally  damaged.  Model  B032-1  has  accumulated.  3.‘ 54  x.  10.'- .-.v.'"- 
discharges  and  is  still  operational.'  Using  a  nominal  figfur©  of  3.  5ulb-sec/Joule  for’ 
the  impulse  bit  of  a  typical  thruster  and noting that each  discharge  was  ai  the 
5  joule  level,  it  is  readily  seen  that  the  life  of  model  1032  was  equivalent  to 
745  lb-sec  of  total  impulse  at  a  thrust  level  of  17. 5  u  l.be  before  it  was  accidentally 
damaged  by  venting  the  test  facility  to  air  before,  input  power. was  removed.  Several 
other  paver  conditioners  were  also  accidentally  damaged  while  testing.  These 
failures  are  attributed  to  the  fact  that  elements  of  the  power  conditioner  will  fail 
if  the  output  load  is  removed  while  input  newer  is  supplied.  While  the  Wilmore 
power  conditioners  are  protected  against  short  circuits,  they  were  not  protected 
against  open  circuits.  While  it  is  a  simple  matter  to  place  a  small  auxiliary 
protective  capacitor  across  the  output  of  the  power  conditioner  to  preclude  such 
accidents,  the  few  percent  loss  in  efficiency  was  considered  undesirable. 


81 


[ 

[ 


<r- 


82 


.  '  /.’  .  «*-n°  ca^  hasja-  limitiag;  factor  been  wWch  j^  ^geSt,s| 

that  a  life.ef  iO°  discharges  could;not  be:realiied  tf 


•  ..  -2,3,3b"  Efficiency  Measurements  _ _  ..  . .  > .  '  .  ... 

. ?  1*?rna.^®  bave.b«en.mi*deloa  Hoell 

Wllmprei  power;  conditloMEa:  ^  .  '-.!  /,^ '  -  I‘ :~\ ’  '*  ViX  .'.v  . 

'  - :  ;  --•  "•.  »eil  repeated  voltage  source  was  .used  to  drive  the 

4-  v :  v;  *  ;  >  --Wilmore  unlt.-  The  .current  delivered  by  this  source  was?" 

;v  •■••  •  ■>>  "?•••■  ••--•'v  •  • '.®Pditored  by- a  d^-c.;  ammeter.  '  The  varying  meter  '■••■ 

•/.-L:  I'  —.Teaming- was,  usedto  estimate  an  average  nurr^nt.  The 

'  !;•  -y v  ?*'  ~-y  "*  •* ;  i'-.2 -PY.;;f ;  ■  -  -f  $•  x- 10-  -^-x  -10^  jc-  -4  .  *  -i-- 


capacitor  dihbhar^  i? 

test,  was  0..5  ohm,  a  '  value  ’for  under^^pei 'djscbar^e.'  • '  ’ 

countered  in  the.eatiia  te  of  the  average  current  above,  so  •-•' 
an  alternate  method  .of  efficiency  computation  was  used. 


■>rvj  ■  \  Z-?y. c'  «•'••  ■ -i 


A  small  0,  ?  ohm  resistor  was  placed  in  series  with  the  floating 
return  of  the  28  volt  power  supply.  An  oscillogram  of  the 
repetitive  voltage  appearing  across  this  resistor  served  to 
give  the  current  waveform  as  drawn  by  the  Wilmore  unit. 
Utilizing  this  oscillogram,  a  graphical  integration  was  per¬ 
formed  to  ascertain  the  true  average  current.  The  efficiency 
was  then  recomputed,  subtracting  a  small  loss  for  the 
0. 3  ohm  resistor  from  the  input  paver.  The  efficiency  was 
computed  in  the  above  manner  for  an  under -damped  discharge 
(load  resistance  —  0, 25  ohms)  and  an  under-damped  discharge 
(load  resistance  =  0. 5  ohms).  Due  to  varying  eye  interpretation 
of  the  oecillograma,  a  range  of  efficiencies  were  computed 
based  on  different  readings.  The  computed  efficiencies  were* 


n 
» »_ 
u 


(a)  76*  9%  to  78.1%  for  a  rer4  stance  of  0. 25.  ohms 

-  (b)  .  *  3. /-?aj  to  7.8«i3%  for  £  .ipad  r-Cc  istancc  of  0» 5  ohms 


0 

a 

o 


- ;  ^kg^fiygf  AO  aQ~  a  ,QfjyA  />f  Opy  efi>  |y  ^ 

- - bc'-tfae^iO/OZ aT  ^o-^'capacitajacejat  theVstart^qf.the ; 

;  -  -  charge  period  while  in  the  second  under -damped  ease^a -slight  /■_-. 

negative  voltage  of  approximately  -60  volts  -was  cm  the*  "  -v  i 
.  ‘.'..y  capacitor  at  ipe .start  of  the  charge^period  thus  accounting  for: 
the  slightly,  higher  efficiency  reading?  observed  inthe3.  v- 
-  -  •  0.  .5  ohm  load,  resistor  case*  Ip  the  0 . 25  Qlmir  ea i stapce  case/:, 

the  power  conditioner  is  supplying  0, 651  watts  more  power  “  . 
than  in  the  0;  5  ohm  case .  In  an  actual'  thruster  operation  the' 

;  -  capacitor  is^charged  from  Ovolt§  and  thcrefore.the  hetter  ,.  ' 

. .ea_timaterQ  caseiain  the  range.:of,tS ij&Jo": 33 


'78*3%3:-'-: 
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the  best  estimates  available  as  - 
of  this  date,  These  values  check  closely  with  the  original  . 
estimate  of  80%  auppl ied  by  Wi lmore .  r-'pVV-'  • '  :3  ;  3  ; 


>'■  v;  2.3,3C  Weight  ,  r  '  ..  :  .  ^  r.‘- ' 

-'•/•  '7  No  particular  attempt  was  made  to  minimize  the  weight  of  Models 
1032  or  1035.  These  weighed  1152  grams  and  1492  grams,  respectively.  Model 
B032-1  weighed  720  grams.  Quite  generally,  Wilmore  Electronics  Inc.  claims  that 
the  weight  of  densely  packaged  power  conditioners  will  depend  upon  the  power  level 
of  operation  In  accordance  with  the  values  cited  in  Table  6, 


D 


TABLE  6. 

Power  Conditioner  Weight 

Power  Level 

Weight 

Below  200  watts 

500  grams  plus  11  grams /watt 

a  W«...  one  _ 

nuuvo  hw  watih 

SCO  grams  plus  G  grams/watt 

As  a  check,  it  is  seen  that  the  actual  weight  of  760  grams  of 
Model  B032-I  is  very  close  to  the  calculated  weight  of  720  grams.  Since  the 
packaged  weight  of  Model  B032-1  weighs  66%  of  the  breadboard  Model  1032,  one 
can  assume  that  a  packaged  version  of  Model  1035  will  be  roughly  66%  of  the  bread¬ 
board  weight,  or  985  grams.  According  to  Table  6,  a  weight  of  940  grams  is 
predicted.  It  may,  therefore,  be  safely  assumed  that  the  weight  of  state-of-the- 
art  packaged  power  conditioners  "for  pulsed  plasma  microthrusters  will  be  in 
accordance  with  the  schedule  presented  in  Table  6.  It  is  perhaps  interesting  to 
note  at  this  point  that  the  specific  weight  of  power  conditioning  for  the  pulsed 
plasma  microthruster  system  appears  to  equal  the  best  values  quoted  for  the 
state-of-the-art  ion  engine  systems. 

2.4  Discharge  Initiation  Subsystem 

2. 4. 1  General 

The  discharge  initiating  subsystem  is  comprised  of  a  pulse  frequency 
control  circuit  (driver),  an  ignition  circuit,  and  surface  igniter  plugs.  The  inter¬ 
relationship  of  tkese  components  is  shown  in  Figure  27.  The  function  of  the 
surface  igniter  plug  is  to  create  a  microdischarge  within  the  thruster  nozzle  for 
releasing  the  main  thruster  discharge.  The  energy  for  the  microdischarge  is 
provided  by  the  ignition  circuit  which  is  powered  by  a  roughly  500  V  d.  c.  power 
supply  and  triggered  by  a  driver.  The  driver  enables  the  thruster  to  operate  on  a 
single  pulse  basis,  a  train  of  pulses  or  uninterrupted  thrusting.  Two  typical  lab¬ 
oratory  drivers  are  shown  in  Figures  28  and  29  respectively.  The  time  lapse 
between  the  release  of  a  triggering  pulse  by  the  driver  until  the  occurrence  of  an 
impulse  bit  has  been  measured  to  be  roughly  0. 2  y,  seconds  with  the  main  thruster 
capacitor  and  ignition  circuit  previously  energized. 


Figure  27.  Discharge  Initiation  Subsystem  Block  Diagram 
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POWER 

CONDITIONER 


Figure  29*  Variable  Freouennv  T^hfirnfnw  n**» 


•2.4.2 


;  ....  ...  ......  ..'pmse  different  Ignition  pfecuite  wex*  (fcyeloped  coarse 

•  of  the  present  program’  each  reprvjsn«tiag  &;ee^^feiai  improvement  over  the  "v j’ 
-  previous  design.  These  three  systenfesre'  denoted  'as  the  JKjrytron  ignitior.  system, ' 
the  spark  gap  ignition  system,  and  the  transformer  ey  stem  ^respectively..:^;  - 


,2.4,2a,: 


Use  Krytrcai'is  an  EX5&G  fpur-efement  (grid,  anode , '  cathode,  ,  and 


keep-alive)  cold  cathode  g^  iilfed  switch  tube,  desigpcied  to’operate;iaL;an :  arc.- 
discharge  mode.  A  column  of' ionized'  gas, '  appearing  in  the'  glow' inode;  and  main;  -  ” 

.  tained- bjr  a  "toep-alive"  .current,,  provides  an  scBiroe':oef  " 

. ‘.Ifieiep^alive”  current  prevents. fee.  tube  from  coMhicting  unliL  a.  positive! :pulseii|p'vJ;^vV-i: 


applied  to  the  grid. 


.  In  the  Krytron  ignition  circuit  {Figure.  30)  capacitor  is  charged  .  / 
:np.  tp;4;lCV;  ferpugh  R^.  Resistor.  R^:  provides  fee.Krytrpn  witfa  4pu.- A»  - of  '’lfeepriv 
’.alife.?.'curpeot.  Whbh  a  positive  pulse  from  fee  driver  is  applied  to.:fee ;'g^fe 'of  'yy 

•SCH  it  oondurts  feedischarge  C2  through  the  primary  of-  /This  produoeaan  :  - 
&O0V.  puise:'_on  fee  grid  Jf  tte.Krytrc^  discharges  .:  C^.thjop^h  the  igniter:  ping,.-//-  - 

•'causing  it  to  V  %•!  "v-vv  .; 

Tie  Krytron  used  in  this  system  is  a  apecial  version  of  a. sfeidifed'V..:; /;'i 
tube.'  This  Krytron  has  a  high  gas fill  pressure  which  increases  the  life  of  fee 


tube  in  this  application  to  i.  2  x  10  shots,  a  factor  of  30  ever  feat  of  fee  standard 

febe.  '  '  •'•  •'  ,'v •  •  .  '  v-  •'.>;*  : 


-1 "  A  prototype  of  fee  aoove  system  (see  Figure  31)  was  built  in  a 
volume  of  four  cubic  inches  and  weighed  103  grams.  This  weight  included,  fear  test 
purposes,  a  10  pps  generator  which  was  used  to  fire  fee  ignition  system.  This 
system  was  tested  in  a  vacuum  environment  and  performed  realiably  throughout  its 
life  of  1. 1  x  10  shots.  Other  life  tests  of  this  circuit  are  presented  in  Table  7. 
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TABLE  7.  D1SCHARG  E  INITIATION  SUBSYSTEM  COMPARISON 


This  system  had  the  inherent  disadvantage  of  reduced  life  he  cause. 
of  the  limited  life  of  the  Krytrcn.  A  substantial  improvement  in  life  was  achieved  , 
by  the  spark  gap  ignition  system.  ;  _  •  -  -  -  •  .l 

_  _ 2. 4. 2b  Spark-Gap  Ignition "System  _ _  ___  _ . _ _  . __ . "7 


.. This  system  >vaa  de signed , --built, -  and  tested  in-an  effort  to  eliminate 
the  requirements  of  tbeyi  KV7  supply  of  the  Krytrpd  system,  and  to  extend  the.  life  of 
the  ..dip charge  initiating  subsy  s  te in  bey  ond  the  life  . of  1.3  x  107  discharges  of  a 
Fryer  on  system  using  a  single  Krytron  tube."  The  spark-gap  ignition  system 
"  utilizes  a  Signalite  sealed  spark-gap  as.  the  main  switching  elemcnC - ';';r 


.'"Figure  3.2  shows  this  system  in  block  form  while  Figure  33  shows  a 
breadboard  system  that  was  life  tested.  The  principle  of  operation  is  as  follows.'-  • 
-A  com  mam  pulse  is  cent  to  a  silicon  controlled  switch  (SWS)  turning  it  on.  The  *■ 


SCS  in  turn,  turns  on  a  28  V  d.c.  to  4.  KV  converter  which  charges  up  a  capacitor. 
When  the  voltage  on  the  capacitor  reaches  3.3 '  ky  "the '  sealed .  spark  gspibxaaks  jicovn 
and  discharges  the  capacitor  across  the  igniter-plug  causing  it;to  fire. When  this  - 
happens  a  reset  pulse  is  fed  back  to  the  SCS  which  turns  the  system  off  until  it 
receives  the  next  command  pulse.  The  total  ',on-ti!ne',  of  this  system  is  0.03 
secoi.tds  per  pulse,  A  schematic  of  this  system  is  shown  in  Figure  34.  The  bread¬ 


board  circuit  shown  in  Figure  34  accepts  28V  d.c,  at  40  ma  and  operates  at  a 


design  pulse  rate  of  ICHz, 


The  voltage  at  which  the  spark  gap  breaks  down  aB  a  Junction  of 
continuous  discharges  is  shown  in  Figure  33,  The  test  m  this  case  was  arbitrarily 
terminated  at  1. 04  x  108  discharges  when  the  conductivity  of  the  gap  had  increased 
to  the  point  where  a  25%  smaller  energy  would  be  delivered  to  the  load.  Such  a 
reduction  in  energy  would  not  have  been  sufficient  to  interfere  with  normal  thruster 
operation. 


2.4,2c  Transformer  Ignition  System 

This  ignition  system  is  a,,  all  solid  state  device  and  uses  a  step-up 
transformer  to  achieve  the  desired  initiating  pulse. 


4KV  d,  c. 
Converter 


Command 


Reset 


Pulse 


Figure  32,  Block  Diagram  Spark  Gap  Ignition  System 
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In  this  transformer  circuit  (see  Figure  3o)  a-  capacitor  {C. 


charged  from  500  to  500  volla  fcy  tie  main  p»er  ooudlBcmer.:  Thts  cajaiaor  u  '  ' 

V*m*g  oe.  SCK  on  *4  th  a  triggor  pulae 

from  the  driver.  .  The  transformer  ou^  to  the  '  • 

Igniter  plugs.’ .  /The  SCR  te;the  cfrctet  t^  fuli^  • 

3  disch&ised‘  c*rcu* *®  ww  t«ady  for  a  itspeial  Qf'the  foro^jing  cycle. 


■r~\- 


'  •  •  ,*^ie  slniPileity  of  the. transformer  network  and  the  inherent  life . 

and  reliability  of  it  justified  that  furfeer  improyementa  and  life, teats. of  the  spark  '  ' 

gap  lgnm«%8tem  h* terminated. ; 

ignfdop  systems.  Two  typical  dual  transformer  ignition  systems  which  drive  two  S|&S5 
thruster  nozzles  are  shown  in  Figures  49  and  57  reapectively.  •  ‘  /V  - 


V* 


■'\:V  V :  ■  ^  ‘^sformer  discharge  system  was  checked  for  high  temperature 
.and  low  temperature  operation  at  a  pulse  rate  of  5  Tfr.  \>IU:  testing  at  temperatures 
above  room  amhlent  temperature  waa  carried  out  in  an  oven  with  the  temperature 
monitored  by  a  thermocouple  attached  to  the  chassis  cf  the  discharge  initiating 
circuity  Low  temrerature  operati<m_  was  carried  put  by;  lower  ing  tbs  discharge 
.Initiating  network,  lhto.  an  insulated  container  which  was.  held  several  inches  above 
the  level  of  liquid  nitrogen  located  in  the  container.  The  temperature  of  the  circuit 
was  regulated  by  controlling  the  distance  between  the  transformer  circuit  being-  " 
tested  and  the  free  surface  of  the  Uquid  nitrogen.  The  temperature  cycle  experi¬ 
mentally  investigated  is  shown;  During  the  test  three  parameters  -: 

were  monitored:  output  voltage  across  a  fteed  load  o^  60  ohms,  minimum  trigger 
level,  and  total  leakage  of  the  circuit  ;f:- 


>si 


m 


results  of  this  thermal  test  indicated  no  notloeable  ohange  of 
output  pulse  throughout  tte  temperature  cycle,  Ibe  typical  output  pulse  at 
temperature  is  shown  in  Figure  38.  The  total  leakage  current  of  the  unit  varied  from 
3<V  amps  at  1«TC  to  less  than  Ip  amp  at  -80*C.  The  minimum  trigger  level 
varied  from  2  volts  at  100*C  to  2,9  V  at  -80«C  indicating  that  a  trigger  voltage 
of  3.5  volts  would  be  adequate  to  fire  the  circuit  under  all  conditions  of  temperature 
variation  likely  to  be  encountered  in  practice. 
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Figure  38.  ■  Transformer  Discharge  Initiating  Network 
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.  r .  '  The. function  vC  the  igaiter  ping  &' to  deaerate  a  inicxudiincsarge 
,  witiiln  the  lnterelectrade. region  ip  order  to  rei&aae'-top''mniTi  th»nBrf^-r  capacitor. 

T ':  ’*  Two ■  basic  TBPiCha  ni  sm  s  are  possible  for ‘starting  ah  electric  ;  • 

tttaeharge  between  two  infinitely  extending  electrodes  which  are separated  by  a  ’  ‘ 
’'perfect-  vacuum  and  which  are  connected'  across  the'  terminals  of  ^charged  ; 
capacitor.  One  of  these  mechanisms  is  to ^  elecptosaathil^  from' 

tie  electrode  surface  into  the  intenelectrude  region  {aRp  Rpferp;yv>  12,  for 
example).,  .  The  second  mechaoism  is  to  inject  either  neutral  or  charged  particles 
into  the  interelectrode  spacing  iron:  a  source:  other  than  the  electrodes. ! :  If  coe  ' 
considera  a  more  realistic  Cas^'yhere  thd  teo  electrodes  are  j<dned  to  each  v  • 
ether ,  are  pot  extended  infinity  long)  fcy  a . third  element,  then  a  discharge 
-maybe  initiated  in  a  perfect  vacuum  by  e  -v>~-  :'• 

. .  1):  : '  Ejecting  partete  a  from  the  third  ekinent  with  tte  v 
;  interelectrode  region,  .oar.,.;:r'  v 

'-"v  tyswttdb&Bg  voltage  amt^  the  suifi^  ;  f 

••  j-u  elemenfinthe  casewhere  it- is  acouductor,  •■.or 
-  3)' ^  ^Usiii^auxiliaiy7  means  for  injecting  particles  iztho.tiae. 

>  'i&e&toctiodb  spacing  in  cases  wterethethird  ’ .<;%;■ 
element,  is  normally  nonconducting.  v  . k  ' 


-  d-:  ; >■/;*. ;  yi  V  S 


Since . Teflon  does  pot  carry /surface  circuits  which  can  be  used  to 
initiate  the  main  thruster  discharge,  surface  igniter  plugs  are  used  to  inject  ' 
particles  into  ibe  interelectrode  spacing*.  The  igniter  plugs  that  are  used  are  of 
a  coaxial  configuration  with  the  interelectrode  spacing  filled  with  a  semiconductor. 
In  *  vacuum  environment  a  sliding  discharge  occurs  across  the  Sem ioondoctor 
bridging  the  two  igniter  plug  electrodes.  A  typical  igniter  plug  winch  has  been  used 
for  5  x  10®  discharges  is  shown  in  Figure  33.  In  a  number  of  tests  of  a  20  joule/ 
discharge  thruster  operated  at  2  Hz,  a  given  pair  of  Igniter  plugs  have  undergone 


*  The  use  of  a  pulsed  heated  filament  similar  to  that  reported  in  Betereace  is  w*» 
steo  tried  early  in  this  program.  The  igniter  plug  technique  was  fond  to  be  more 
reliable. 


m . 


a 'total- erf  1.25  x  10  dischargee  with  no  serious  erosica  erf  the  cathode  surface  erf  . 
iwc  ev  j,ntsr,.  m  vei'um  u£  ihcttswr  perior La mtv~y.  cua  ujtml  aaauyr  erf  dxwesaraes 
_ifl  equivalent  to  a  total  impulse  of  760;lb-sec  for  the.  13<V  lb  thrust  level  thrust*  r  in  .• 

t  rj  i  ritA  *fvrr*o  ws*A«&j>h  mUa  J  Ta  -  —  W/  1 _ _ d  —  A.  *X _ V  .  _  1  if_  _ C '  — _ . _ zT_  *■  _  » 4 

**  ■  — -  «  a  -va*v»  •  r\  xcj  v^pxxsr^rv**  \aax  •’wnc  wtorv  ^«cr  Vl  V  DUrxnCC 

plug  which  is  electrically  insulated  (Le. ,  -'’floats’’  relative  to  the  ovth'rfte  via  a  ' 
resistor)  is  well  within  the  life  erf  the  state -of-tbe-art-<rf  the  remaining  thruster '  1 
compowente.  •,  :v.  ::..l  ^ :. .  ■■  '^■".  '■'■  v.":  wV-  V;.,: ';  r^- 


in  one  diagnostic  test,  a  clean  igniter  plug  was  inserted  in  an  icro 
(i.e. ,  ro  possibility  of  oil  CTwtanrmati<au)  and  evacuated  to 


pump  vacuum 

■'  ’  -7‘  .  ...  .......... 

8  x  10  Torr,  The  plug  was  then  operated  and  rao'riae  ir  the  vacuum  background 

pressure  could  he  observed!.;'  -I  .'V  V-  ~ 


An  analytic  study  of  the  energy  transfer  efficiency  into  an  ignitor 
pi®?  has  been  caxried  oot  and  is  pressed  below,  in  this  analysis  the  energy 
absorbed  by  a  semiocwductor  jgoiter  plug  is  assumed  to  be  related  to  its  freed  d.e 
resistance  measured  across  its  terminals*.'  1%e  equivalent  circuit  erf  the  existing ; 
transformer  coveted  discharge  initiator  circtot  that  was  used  to  obtata  quantitative 
estimates  of  the  energy  delivered  to  the  igniter  plug  as  a  function  of  ita  d.c. 
resistance  is  shown  in  Figure  40.  Una  d.c.  resistance  wre  allowed  ip  vary  between 
0. 01  ohms  and  i  00  ohms  in  computations  on  the  IBM  7094  sad  the  in-har\se  *B2k. 

eoanectioo. ,  -  It  was-  nagnged  that  the  energy  initially  stored  a  die 
Ip  id  discharge  capacitor  was  constant  at  S  maUjoutes  far  each  value  erf  ping f 
resistance  used.  This  tsnexgy  corresponds  to  the  lower  level  of  energy  being  used  tn 
thruster  tests  faormaQy  about  125  miliijqMtoa  axe  used  in  life  testa  of  thrusters). 


the  circuit  tader  canstderatioa  is  shown  *n  figure  40.  P-io?  to 
t  y  0  a  charge  ^  has  been  stored  on  capochor  C.  4t  t=u  the  switch  is  closed  ' 
and  tin  capacitor  C  is  discharged  through  the  primary  of  tranrfarater  T  resulting 


Mn»  nntgnl  tfcgsn  Xt 

of  wftiuhis  ~ 


<ri2i  be  seme 


wi^wsn 


dhnua^  m 
r  stmvuv 


gvnt& 


See  Baferenoe  14,  for  crampi*. 


jure  39.  Surface  Igniter  Plug  After  5  x  10  Discharges 


^  3  t??U^er  of  e^r^:^  ^^  reststor.  .R^.;  -A  calculation  for  t^  saargy -transferred 

^fie^d  ic^darf  if  itais-' 

former  ..T-  and  the  transformer  has  been  reclamed  qv  «n  on»i™i,.«  ■ 

-M®*  c^MnattoaVLg ;«*«Sg£M  WiS  «: 

Figure  41,  we  get:  ••  •.  '  .//•‘■‘ •  •.  -  .  -'  •.  -•-•<••  >•  :-  -  • 


Figure  41,  Equivalent  Circuit 


sfsm 
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LT  it  -  rt  Ji  ~  c: 


(Il'I2)  dt  ^  0 


~cT  /  <!i  '  ty  dt  "  rl  ^ 


assuming  «te  initial  charge  on  CL  la  0.  The  charge  on  capacitor  C/n2  is  given 


ft 


Substituting  A -3  into  A -I,  one  obtains,  ;  ' 


c. 


(A-4) 


;.jjruxn  which  one  finds  andxpressioa  for  the  current'  l2<t).  ;  '  •  .  -  ' .  ' 

•.  -  -  Now  the  energy  delivered,  tb  the  load  reaist^cer:B^>  is  gixeQ%:*^r;-^''".‘’ 

Upon  substituting  the  expression  for  the  current  ^(t)  enables  one  to  evaluate  the  "  bp 
energy  delivered  into  the  resistive -load  >v>_v.*  V^r/' V.  .  .  ^  ^ 

For  the  puipose  of  a  preliminary  calculation  the  circuit  parameters ■ 
dPr^spondi^_tQ,:^dia^Q^c:t^^tfBX  stiriies  of  the 
assumed;  - .  •-  -----  ...  . 


R. 


1.  0  ohm  -  •  ■  - 

1.20  x  10-4  henries 


e 

u. 

Q„ 


2. Ox  10  a  farads  . 

1,0.x  IQ  6  farads  . .. 
3.0 

«4 

10  coulombs 


Results  o£  machine  calculations  are  presented  in  Figure  42.  For 
the  example  evaluated  it  is  seen  that  *  large  transfer  of  the  stored  energy  gets 
delivered  to  the  semiconductor  igniter  plug  if  its  d.c.  resistance  is  above  roughly 
10  ohms.  While  the  initial  d,  c.  resistance  of  most  igniter  plugs  is  above  10  ohms, 
its  resie+mce  will  rapidly  drop  as  the  plug  "sparks'.  Once  the  plug  becomes 
conducting  it  is  possible  that  transfer  of  energy  with  the  ''spark”  becomes  insufficient. 
This  latter  situation  haB  not  yet  been  analyzed. 


Figure'42 . ,  Plug  Energy  ye,  Plug  Real  stance 


2. 5  -  -  Other  Pertinent  Studies 


2,  5.1  Propellant ‘Studie  s  ~  -  ‘  / 

.  .  _ Some  of  tbs  requirements  of  an  ideal  solid  propellant  foi  a  pulsed 

plasma  thruster. are: ' ;  f  \  : 


^  -c,  * 


• '  a).  :  That  it  be  stable  -in  a  vacuum  .environment  .and  at  • 
*  ■  §iypge.nic  temp^atures;  i^e. that  it  not  sublime, 
.  •  outgas  or  decompose  while  stored  -directly  in  a.  . 


vacuum. 

vx  -=*»>•  v-v.r rr.r-.T.V  ; 


c) 

-d) 


That  it J*  non^har  forming  upon  being  enej^i.zed  . 
and  that  mass  .emittance,be  rapidjy 'aeU^xtij^^shing\;' 

>  upon y  -■ 

>.  That  it  have  a  relatively  high  density  and  preferably  be  , .  - 
inert  and  non -toxic  to  facilitate  handling  and  storage. ;. vt 


y-Thatitcan  be, easily  converted  to  a.  plasmu  wit.h  a  .... 

minimum  amount  of  energy  addition.  '.  .':'y :  ; . 


-  .  -  Prior  to  *he  present  program  it  was  found  that  many  low  melting  -  - 

point  metals  met  many  of  the  above  requirements,  todeed, '-exploratory  experiments 
carried  out  at  Republic  Aviation  early  in  1966  were  encouraging, .  Since  most  of  the 
me**1#  that  were  used  acted  as  energy  .absorbing  heat  sinks,  the  experiments  were 
discontinued.  *  Upon  a  comolete  review  ’of  suitable  propellants  meeting  the  above 
requirements,  it  was  concluded  that  solid  fluorocarbon  compositions,  notably 
Teflon,  appeared  to  be  better  suited  for  the  intended  purpose.  While  most  of  the 
studies  of  this  program  were  carried  out  with  Teflon,  other  fluorocarbons  and 
plastics  that .  w.ere  investigated,  axe  listed  In  Table  8. 


*  Studies  of  a  pulsed  plasma  thruster  using  metallic  propellants  have  been  studied 
elsewhere.  (Sea  for  example,  A.S.  Gilmour.Jr.,  "Concerning  the  ^Feasibility 
ct  a  Vacuum  Arc  Thruster, "  AIAA  Paper  No.  66-202  and  the  review  of  solid 
propellant  thruster  concepts  presented  in  W.  J.  Gum  an  and  P.E.  Peko,  "Solid 
Propellant  Pulsed  Plasma  Microthruster  Studies, "  AIAA  Paper  68-85,  1968). 


-v  -  1 :  ~  -Teflon  ig  an  ideal  propellant  lr.  that  it  meete  all  of  the  requirements-^ 

•directly  irom  a  •solid  to  .a  gas,  -  this,  process  terminating;  up9n'Xemo"al  of  energy.  • 
t6b  feature  la  advantageous  to  the* action  of  a  propellant  ahut?vatf  valves  1  It  has  a.'  .  :  , 
relatively  higi  mass  density  and  can  be  stored  direclly  .in  a:  vacuum  without  tankage,  ; 
(See  Flgurea  l  and  2).A  These  two  la^r  ’aapecte  eliminate  the  necessity,  of  developing 
a  propellant 'sub  ay  stem  wid(^  can  reli^ly-.  operate  in  temperature-sufficiently  above  „v 
ambient  conditions  to  be  encountered  in  space,  its  polymer  chain  "unzips0  (depOly-  * 
merizes)  and  gaseous,  monomers  are  emitted.  The  energy  required  to  convert  the 
solid  into  gaseous  form  is  evaluated  from  its  beat  of  vaporization, '  A/’  -  A  •"  : 


hv  ~  CP  :  T  .+.  hf  +  bd 


where 


X) 

mr 


the  enthalpy  term  Cp  A  T  -  12. 3.  K  cal/mole  AA-  ' 
the  phase  transition  h^  f  ,1.4  K  cal/mole  A  A; 
the  heat  of  depolymerization  '  -  37  K  cal/mole 


or 


■  .cal/mole. 


A  AV-''A'-'  For  a  thruster  delivering  10  micropounds  of  thrust  at  a  specific 
impulse  of  1000  seconds,  only-9.9  x  IQ*'3  watts  of  energy  are  required  to  convert 
the.. solid  propellant  directly  into  gaseous  form.  .  Additional  energy,  however,  is  '"a 
required  to  ionize  the  gas  and  accelerate  the  resulting  plasma.  While  the  power 
requirements  to  ionize  the  monomers  cannot  be  readily  evaluated,  the  smallest 
power  P  to  accelerate  the  plasma  to  generate  thrust  T  at  a  specific  impulse  I  ' 
will  be  P  =  g  T  Iap  /2  with  g  the  gravitational  constant.  For  a  10  micropound 
thruster  operating  at  a  specific  impulse  of  iOQO  seconds  at  least  C.  44  watts  will 
be  required  to  accelerate  the  plasma  besides  the  energy  required  for  ionization  and 
other  thermal  losses  that  will  be  encountered  due  to  radiation  and  conduction.  In 
order  to  keep  the  ionization  energy  at  a  minimum,  additives  which  have  a  low 
ionization  potential  (Lithium,  etc.)  may  be  incorporated  in  the  Teflon,  Besides 


this  approach,  additives  may  be  incorporated  which  produce  an  exothermic  reaction. 
This  Utter  approach  also  reduces  electric  energy  requirements  for  generating  a 


- performance.  Teflon  wl^i  14^^  Hydride  was  obtained  for 
:By^Lx^saxA0  *eU  •  :. 
hut  capable  of  prodrei^  as^  when  energized*  tv>  y^ftive 

...a  relatively  low  ionisation  potential,  b*  wh*h  ■ 

:  ^  Of  region  Which-  is- about  5.  6  k  cal  per  gramiiV  ” 

*  TOiighly  equal  to  the  heat  of  ^porfzation  i^equir^  to  convert  lolicfiiflon  into  ga«jous 

--canjbe  expected.—  *  :<--•  w-er"-'  -*  \  :-  -•  '  ■ 


;'>:'■  V  ';■•  Witt  the  exception  of  .the  extensive  results  that  have  be-n  obtained 
with  vtrglh  Tcfloo,  inconclusive  results  ptl*r  than  diagnose  evaluations  of  other 
-prcyeliapt^  gxistjfor  inclusion  in  thi  n  f^y:  .rep^^ :  ^  y  r 

.'  r- : 

;  ^  7  {  :; ' 

tf^ld^pbaae 

^ ^rpp^^f>h:<masy of  CTF£ r  " 

hpur?.:^»# 

Mm*#*  cQt^al4 are  evident.:; A  s^^pho**^ 

^S^ipSWi  Whilfi  the  specific  thrust  wae  found  to  be  tbe  samewttheitber 
composition  the  specific  impulse  <rf  Teflon  was  about  11  percept  higher  than  that 
of  the  CTFE.  -  :  :- 

Some  additional  diagnostic  results  with  propellants  other  than 
Teflon  (TFE),  are  compared  with  Teflon  in  Table  9.  All  of  the se  results  were 
obtained  with  a  given  thruster  operating  at  the  same  initial  conditions. 

0f  “?«  containing  Teflon,  Viton,  Potassium  perchlorate, 

ewaJuatimf1  B°^  *“*  Ma*neaium  were  obtained  for 

evaluation.  These  have  not  been  tested  as  of  this  time 


:'  ;  v  •’. a 


-  5. 2  Preliminary  RFI  Studies 

Preliminary  RFI  tests  were  performed  on  an  experimental 
lab  orate  y  type  5  joule  per  discharge  pulsed  plasma  thruster  operating  at  four  (4) 
pulses  per  second  (about  70gi  lb  thrust  level).  No  precautions  were  taken  to  reduce 
RFI  inti: j  thruster  by  either  isolating  the  thruster  from  the  thruster  casing  or 
by  using  RFI  suppression  filters.  The  tests  were  made  in  the  200-300  me  band 
with  an  Empire  Device  NF-105.  The  inherent  noise  (RFI)  measuring  circuitry  in 
the  instrument  was  not  utilized  due  to  the  narrow  pulse  width  of  the  radiated  pulse 
signal  emitted  by  the  thruster  and  the  presence  of  extremely  large  amplitude 
unwanted  interfering  pulses  originating  from  all  extraneous  laboratory  sources 
through  the  spectrum. 

Examination  of  the  interference  signal  was  made  by  examining  the 
receiver  i.f4  amplifier  output  pulsed  r.f.  pulsed  packet  or  waveform  on  a 
Tektroni:  Model  555  oscilloscope  synchronized  to  the  plasma  thruster  trigger  input. 

t 

By  this  means,  a  synchronized  examination  of  the  radiated  RFI  waveform  could  be 
examined  in  detail  without  inclusion  of  the  extraneous  unwanted  outside  equipment 
pulsed  ra  Ration  present  in  the  laboratory. 

The  calibration  or  measurement  of  the  absolute  intensity  of  the 
radiated  pulsed  r.f.  signal  was  performed  by  the  substitution  method,  i.e. ,  injecting 
a  calibrated  signal  generator  (HP -608)  r.f.  C.W.  signal  in  place  of  the  intercept 
dipole  and  varying  the  generator  output  until  the  signal  height  as  seen  on  the 
oscilloscope  screen  was  the  same  height  as  the  plasma  thruster  radiated  signal. 

The  thruster  with  exhaust  cone  pointed  forward  was  mounted  In 
an  "L"  type  pyrex  glass  tubular  evacuated  chamber.  An  external  resonated  dipole 
was  mourn  ed  just  outside  the  evacuated  test  chamber,  approximately  2  feet  In  front 
of  the  thruster  horn  assembly. 

Measurements  made  at  230  me  indicate  that  the  signal  generator 
level  equals  the  average  of  the  plasma  RFI  pulses  (as  viewed  on  the  oscilloscope) 
which  was  50  microvolts.  This  corresponds  to  an  equivalent  input  across  a  50  ohm 
source  impedance  of  -75  dbm. 
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Q 

0 


.,/•  -."r"  Toe  measurement  receiver  (Empire  Devices  KF -105)  i^  an  Li. 
bandwidth  of  250  KC.  "  .  ; 

The  results  oi  the present  eiqj-ieretory  study  can  be  asamined  with 
regard  to  a  typical  mission.  For  example,,  the  foil  wing  parameters  pertaining  to 
aii  existing  samiiiie  were  used: 


Transponder  ..... 

Carrier  Frequency  Range  ;  •  :  ‘  250  me  ±  30  mo.  .  ..  ; 

Noise  Figure  ...  :  S  dfc  -  •  v; 

Bandwidth  -  7;'  100  KC  '..-yT.y 

V'.; '■  : .  v;-; V . ;.Thrsshoid  ' ,7  yy.  ■;  r120  dbin. •  v. - •.  -■ 

''7y.'~  Calculatigns.cn  the  equivalent  noise  power  of  the  above  transponder 

receiver  based  upon  die  above  receiver  characteristics  indicate  that: 


4  K.T  E  M 


4KTB  A  i 


122  dbm 


It  is  presumed  that  the  transponder  receiver  aboard  the  satellite 


la.af  the  FM  qrpe.  The  threshold  for  a  receiver  of  this  type  is  approximately  12  db 
Since  this  is  a  multi-loop  system  it  is  necessary  that  the  Input  C/N  ratio  be 
extremely  high,  possibly  25-30  db  above  the  inherent. equivalent  ncisc  power  of  the 
receiver,  in  order  to  provide  a  clean  useable  re -transmitted  video  signal.  Based 
upon  thin  hypothesis,  the  actual  received  signal  should  be  approximately; 


•  =  .-  122  *  30  =  -  92  dbm 

■■■-  • .  •  ■  m  ..  ..  .  .  .  .  . .  .  . 

The  measured  RFI  pulse  produced  by  the  thruster  was  about  -75  dbm 
at  a  distance  of  two  feet  from  the  thruster  exit  nozrle.  Tbs  calibration  data  for  the 
NF  105  dipole  antenna  stated  that  the  effective  gain  was  8  db  (over  that  of  direct  input 
to  the  receiver). 


D 

D 
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/' _v7 ':^1, ;,v^  ...._ . .;.. 

r  :  :::  .  /•'••;  •  •  •  y  '•-...  •*  — 81  dbm  —  -•  i  •-;  -;■•■;  ■-  ••• 

Thus  an  excess  noise  power  is  generated  during  thrusting.  k  Tbe 
magnitude  of  this  excess  noise  power  Is  equal  to: 

Noise  Power  Excess  =  -  77  -  (-92)  *  +  15  dbm. 

It  should  be  mentioned  that  observation  erf  tbe  thruster  RrT  pulses 
revealed  that  tbe  character,  width,  and  amplitude  erf  the  observed  pulse  varied  from 
pulse  to  pulse.  The  variation  In  width  ranged  froth  2  to  5  microseconds.  The 
amplitude  varied  approximately  G  to  1.  Since  these  tests  were  carried  out  with  an 
early  thruster  model  It  is  recommended  that  measurements  be  repeated  with  an  up¬ 
dated  thruster  model. 


v  T '  ?v--‘ 
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-  ^  .*»  order  to  appreciate  the  observed  pulse  r,f.  response.,  comparison 

-  -testa  were  made  employing  a  pulse  signal  generator.  It  was  observed  ~ 

,c??  e a.P.yl sfL  A.  f ..  output  signal  obtained  by  slightly  - 
~  detuning  the  receiver. from,  the  signal  generator  frequency  setting.  This,  indicated T 
- -that-thc  plasma-ihruaterzxadiated  pidsehairaom  creepon ftAnrr«-ii ■ .-,  ~i 0.-^'  ~ 

-  rs- of  harmonies. with  -pulsed- spectral-response  and  which' were  ’sligfitlv '  ™^"~’ 

;  ft  Is  believed  that  the  BFI  signal  level  while  large  should  not  cause 
excessive  tooubl^  d^^  empioye{j  - 

.  ^.ch.  ln  ^icates  a  low-  digital  bj.t  cate,  i.  e. ,  .wide  pe<se  widths)  and  the  . -  •  ’• 

narrow  puise  wiidth  et  the  RFJ  generated  pulses.  (2-5.micrc;>econdB).’ 

..•  .  •■  Brief  thsts^lndicated-that  the'RFI  measured  values  were  essentially 

constant  over  th^  me;  ^  that  the  rad^t,Qn  to  ^ 

hemispherical,  in  other.words,  -that  the  thruster  radiation  was  essentially  isotropic.  ' 

-  •  "  *  'In 'any  practical  application' the  thruster  will  be  .  isolated  fronr the'  ““ 

Jenclpsure^iid  -u^^^li pwer  ^rV;:' 

yet  been  examtoed  . 

in  the  laboratory,  -  •-•'•  -  --  . 


2. 5.3  Exhaust  Beam  Observations 


-  In  a  pulsed  plasma  thruster  one  distinguishes  the  time  for  the 
capacitor  to  discharge  its  energy  and  also  the  life  of  the  plasma  that  exists  within 
the  thruster  nozzle.  The  former  quantity  depends  significantly  upon  the  inductance 
and  capacitance  of  the  discharge  circuit.  Either  a  Rogoswsky  coil  or  a  voltage 
probe  can  be  used  to  measure  the  energy  deposition  time.  The  life  time  of  plasma 
will  depend  upon  many  factors.  Some  of  these  are  dependent  upon  the  properties  of 
♦he  plasma  while  others  depend  upon  geometry  and  environmental  factors.  Neverthe- 
less,  it  was  of  interest  to  examine  these  two  times  as  seen  by  a  voltage  probe  and 
a  calibrated  vacuum  phototube  (RCA  tube  1P42  -  this  tube  has  a  wavelength  of 
maximum  response  of  4800  ±  500  angstrom).  The  phototube  was  positioned  to  look 
along  the  thrust  axis  directly  into  the  thruster  nozzle.  The  voltage  probe  recorded 
tic:  discharge  voltage  waveform.  The  test  was  carried  out  for  a  thruster  which 
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pna  hf}£T.  for  s^  extciialye  peTlcri  ^  tiiTis, _ _ 

e  presents  the  results  -of  this  measurement,/Tt)£  capacitor  is  seen  to  be  - 
i  in  about  2 A  u.abc.,  Tbepla?roa4s.seen  to  persist  a  tittle  over  10  m. 

.with  apeak  intensity  ^roughlyl ,  45 . ^  sec  after  energy-deposition  starts,. .'.These 
-•iesults\sbow.  tbat^  are  beoerate<:  are  ;  . 

•  comprised  of  extremely' short  bursts^  "of  plasma;  Figure  45  shows  the  exhays*- 
plume  generated  by.  a  typical  parallel  rail  thruster  while  iterating  in  a  vacuum 
"environment.  The  .column  of  highest  liminosity  is  seen  to  undergo  only  a  minor 

-  and  not  W  assist  any  great  distance  downstream  of  thelthruster-nozzle-. 


--•exit 


; -;£  v^.  though  high^  appeap-to  be  present. 

^dpWiMitreajx^te:^^ 

--  exhaust  stream .  •  vAs  a.  matter,  of  fact,  -It  has  been  ’.observed  -th&t  .the. exhaust  beam  .. 


t^iife^prQperllesjpf;^-- 

lTa^^^of.particles  ratber  than  a  Yoli^e^ga*^%&»  . 

^hjaet  placedin  tteexhaust  beam wllLbkx&thcibeam. gqd  afe^e  laog .  .  " 
•  Abject  from  i%Vxhaust  beam .  Indeed,  it  even  appears  &**  a:  ^ 

— slight  diffraction  pattern, is .formed. by  the. edge s  of  tbe^lbter*J^?.S^ IS*®?; A v:7' 

-  bf  ths  Object.  A  true  gaseous  efflux  would  tend  to: expand. arcatad-- . 

tie  interspersed  object  and  fill  any  TOtd;  spaces  in  die  exhaust  downstream:  of  the  - 
object;  Figures  48  anid  w  hhiiw  these  observations.  Figure  46  shows  the  image  -  -  - 

projected  onto  the  hinged  end  flange  of  the  vacuum  chamber  of  a  sipport  stand, 
clamp  and  mirror  that  was  in  the  exhaust  of  a  Teflpnpropelled  pulsed  micro- 
thruster.  The  void  in  the  exhaust  stream  produced  by  these  objects  and  the  diffraction 
patterns  of  the  edge  are  seen  more  clearly  in  Figure  47,  These  observations  suggest 
that  the  exhaust  beam  of  a  Teflon  propelled  pulsed  microthruster  behaves  as  a  flux 
of  particles  rather  than  a  gaseous  cloud*.  If  the  exhaust  is  indeed  $  cuprised  cf 
discrete  particles  as  the  results  suggest,  then  it  would  ts  a  simple  matter  to  protect 
surfaces  extending  from  a  satellite  (solar  panels,  gravity  gradient  booms,  etc.)  from 
the  impingement  of  these  particles  by  small  fences. 

ritTfi  no t  believed  that  the  exhaust  beam  is  entraining  oil  vapor  contamination 
and  depositing  it  cm  the  walls  of  the  vacuum  chamber  such  as  reported  eisewnere, 
Referenoe  15. 


Figure  44,  Discharge  Voltage  and  Exhaust  Phototube  Measurements 


Figure  45.  Typical  Vacuum  Exhaust  Plume  of  a  Parallel  Rail  Thruster 


Figure  46.  Exhaust  Pattern  cm  Vacuum  Chamber  End  Flange 


Figure  47.  Void  Pattern  in  Exhaust  Beam  Projected  onto  End  Flange 


AnumSer  oCsyetem  life  tests'  haw  b^n‘c»r^i^'  £>«t  'during  the  course  of 
the  present  study.  These  life  tests  included  tfae  jiiruBter  with  its  capacitor,  the  .- 
;  self ^Mntained  prcpell^^system,  ajfcschirg^hdt^^  ei^ra:^ 

pgrwe r  conditione r  cr  a? high  voltage  d.  c.  power  supply.  This  latter,  when  used, 
was  located  external  to  the  vacuum  chamber.  "Safety  interlocks  we  re .  introduced  k 
in  the  tesUrgiaciHtie s  which,  removed  thruster  power- in  cases  when  - 


^ >  ^aceilerttil  power  plantjEailure voct«rjc^d. 

■rV^  diguSiOnp^  £  A:  £. . 

^l.vrrrJ^pr. vaa  elevated  wate r;  temperature  occurs,.:.: ... 


-ixaw;  jrrt-. 


'"•V  r 


-• ,  .:<,~Durmg.the  life^testo the^ti^  he. operated. around rthg-QiQck jkUI 

fefliipe.;  The  only  momentary  deliberate  removal  Of  powy  (lasting  a  few  ni iniites)  • 
duxta  thrust  stand  calibrations  .  Thrust  data  ajnd  .ca^i^tibas 
ge ne  rally  recorded  on  oe  ger’dayu— An  e  v«id .counter  was  used  to  record  :a<^umtu--  A- 
lated  discharges..  .  "  \  Y~  fy- -  r:  f  f A  ™  AA 


The  results  and  pertinent  data  of.tbe.  thruster  system  tests  that  have  . 
operated  continuously  for  more  than  100  hours  at  the  indicated  thrust  level  axe  • 
presented  in  Tables  10,  11,  and  12,  respectively.  Two  typical  thruster  systems 
that  have  been  tested  are  shown  in  Figures  l,  2,  iS,  and  49.  respectively. 

ft  is  significant  to  observe  that  the  total  impulse  generated,  the  total  hours 
of  thruster  system  operation,  as  well  as  the  specific  thrust  generated  during  most 
of  the  tests  presented  in  Tables  10,  11,  and  12  significantly  exceed  values  reported 
by  any  other  electrical  microthruster  system  in  the  comparable  range  of  perform¬ 
ance. 


It  should  also  be  observed  at  this  point  that  the  recorded  number  ai  hours 
of  any  given  test  are  at  the  indicated  thrust  level.  Since  the  thrust  level  of  a 
pulsed  plasma  thruster  is  derived  from  periodically  generated  impulse  bits. 


u  ?  - 

-f  VMi 


mm 


T  ■  -*;■ 


mMm 


-r  'M  £ 


.  i 


i-oK! 
»• w-zr 


*  i  : 

I  i: ! 


s  i  a 


ta^fep]  ,4  m 

co-  g>  }.«-<  I  on  f  ec 


■  i  ?  i 


-  ’  »  5  -:  *, i*  .Cf  ■&£ 


— '*■  -  ‘(w  i  •  >  —  ■ 

<o 


:  >  3 

w  jj 


1  vi  .-;  «:■  -i.  VL--4  •-.  ' 


y«-  -y  _  ^v.  ^-..5^ -.  ■^5;.  *  ±  ^.-C-  • 


-WO  .-s 


j  -I  C-  «  "cvi  ■  . 

?  S  ?S  ^  2  ;g 


3F?  KH 


I  S . 


'03'  O  ' 


'<Nj'6»r-^i 


.  — -  r- , — 

■  M  ®  - 


■xlsc 


-  . »—  »>«4  •>;  - 


'-Vt'V'-  CO'%-  ^  ” 

-  :  -  .;,  S  .•  §•>••••  ;-/•  '*■ 

H'Cr-S.i-.-'b  •  : 

fi”"  ff"-  "®:;.  - 


vJ6  ;  <» 

-  _  ...  P*. 

iiT'i  v't— *  :^C: 

,  W  ■£  '«  .‘CM 

®  u  - : 

no  oo  -  c\J 


'Si  W 


*?'  '.ti  jk  i  i.-'s.  '•-  ’•* 

f-5?  feboi 

£  -2  «|  -  ' 

■  2  ::2. 


=3  ,4  .;  . 


•  ^  <o  co  «  c>» 


.  I  m 


‘  C  !>•"  1'  cu  c:.^.v  ^ 

s  i5|s£S  '■£ 


.6  "Si 
■%  Z 


.  -3  £  ~ 

£  I  -,*  $ 


0>  h-'7  ]:  -  *oo- 

-  ■  Mf  'n  '-•*»  •  • 

C~  KWJ  |_J  .  y«SJ  O 
oof  OJ  I  C«  ©J  S 


•5--  .,.  ” 

?:••.  :  ..:  *  .X 

S  ;.*r  ;J5-  cc 
®  on  ©>  "in  co 


^  -T  ;.  o.~. '. 
- U>.  •«'-■•:  •oiav: ; 


^2  Z 


I 


*•■  £  .'  '-N  V  •'•■« 


4 

-  ^  55  I 

no  V  <C>  T& 


.  o  ■■  ■  - 

-  ^  —  --ml 


MSl  l 

I  ?!  I  2--g 


-  .©-  oo  -o  j  ■■-' 

s  v_< 

<c  r-<  On  ~C0  j  CVi 


is  -•?  :' 

S.  -  ^  >. 


So 

aij 


III 


M 


£  ■  ^  g  S  M  * 

-  S  -g  £3  •  5i  o 


^  '  . 

« 

K 

»  K3 

co  <-4 


0)  CO 

,4)  ,® 

£->  >i 


IPS 


s  u 


fill 


Ill's 


HI 


f  S' 

I  p 


J  o 
P  u 


tj 

S-  C 

&  i 


15  ■•■ 

SSI 


J  I 


S  Si 

*5  31 


12  jrS  III 


«- 1  a> 

S  l£ 
3  « 


12 


122 


3?  'ir. 


y7-^ 


:J- '  ■ ; 


-vm 

:U 


- — ■ - ■ - -  — — -7- 

T*TTTC 

’.zrj.zr. 

— 'j 

•l--,i 

"H 

^1 

1  — 

— ‘  ~T~“ ' 

T  " 

-~-j 

“ - 

— : 

-  A 

! 

“ 

:•«'  -----  J 
-  C? 

_  .. 

X  -  -- 

4> _ 

----- 

“ 

to 

.  1 

ULf 

-• 

£ 

•  CD 

1 

i'  -i 

_v"'« 

cr* 

s. 

■I 

•  c:1 

■;j 

-^h' 

V 

. 

1  i^l 

::...' 

•a 

-3) 

-- 

:l 

o 

' 

..r-< 

■CC- 

© 

-O  -  i. 

-<n 

1 

-5 

O 

*  H 

.o 

O' 

■  wo 

m 

fc* 

...fp 

■© 

_tr 

-  CL  C 

l  !  - 

— - -  - 

- ••  --  .■ 

— -  i 

-H 

'..-H 

__C3 

m 

^ — - 

r. 

- 

-  - 

-  p-4  '  H  ■ 

©H 

.  ^ 

’T 

..j 

•  'T 

r  S 

_rj 

s’ 

fi 

;  pH 

4  . 

© 

” 

•-P-1 

. 

“oo" 

o 

►". 

•  T-te 

->A 

--V'—  ■ 

'p%/. 

■ 

_ .  ^  . 

,  s.. 

o 

"T. . 

.3. 

■ .- 

„ 

■o. 

-;a  .* 

-  M ' 

1 

.  .., _ 

_ ; 

_ 

5C 

_ 

.  .._ 

_ 

1 

t 

;.CD 

ID 

xN 

;CC> 

© 

O0 

-X 

&  c 

■Sr  —  . 

V  .  - 

■  - 

rc 

:S 

'  O- 

t- 

o 

to 

o 

CM 

cC 

t-p 

00 

-  <D 

oj  Sf'fe 

.03  ■ 

© 

9- 

*r 

:rt- 

o 

• 

OO 

o 

• 

Dy 

• 

-V- 

• 

5 

p 

1  ■  •"•  •' 

V 

-  —  ■ 

'  • 

OJ 

■:  fH 

.  >H : 

*05 

.  rH 

-co 

© 

Lg. 

to 

01- 

o- 

pH 

Ht 

O  ’  ©  Cj 

z 

pH 

J  - . . 

- :  1 

,-i_W 

T'Af1- 

.~-ZLj 

~-*“V 

- - 

—  — r* 

-r'~ 

-**■  *  . 

© 

' 

■ 

p- 

o- 

o 

U 

^  -  : 

"•  ■ 

.rr» 

o 

***■ 

.  ,.v  : 

.O: 

■  - ' 

C* 

_  •• 

<7> 

a 

■ 

X 

o  t 

J 

• . 

N; 

00 

iP 

00 

cC 

CD 

-g  ZS  - 

a 

•a*. 

j»H 

H 

-C0 

o 

CM 

CM 

w 

<o 

rH 

tj* 

~-rC”  - 
•  O  - 

- - 

CO 

© 

%: 

CO, 

iD 

& 

«>• 

CM 

,  IG 
in 

,C0: 

.  cc 
to 

»H 

CM 

> 

.  a 
CO 

O* 

-«5 

pH- 

-  .  ♦ 

pH 

pH 

C3  j 

c.)  ^  -"■■ 

-  O 

-IT 

> 

1  03 

"I 

_ . 

_ -A- 

■CD 

© 

J  ~.  faL 

cC 

T  g 

1C 

,1- 

M 

00 

B 

c-0 

c- 

-CD 

o' 

£ 

7-"v 

- 

»H 
-  © 

■O 

-g 

A; 

o 

pH 

X 

X 

t 

].  .| 

■•a 

-J 

<D 

-7r 

CM 

.  o 

-Hf 

<N 

oo'- 

o 

;.CM 

aO 

O 

-  ^ 

■.CD 

© 

00 

cr> 

-sic 

4>  O 

O 

CD 

;§■ 

.  ■ 

QC 

al 

-  - 

to 

.00 

O 

o 

•  4-H 

-»• 

♦n 

.*ri x. ._ 
Cd  » 

C 

-x 

. tf 

-  -  , 

05 

C4' 

f-» 

co 

CM 

<£> 

OO 

CM 

t- 

CM 

«-H 

Z 

'.C 

"V  .v  ■ 

-  • 

rt  ■  5- 

c 

- 

;• 

‘  ' 

'  0- 

~  '  • 

-  - 

;  ■;.. 

CD 

i  a 

t*  -,w 

f 

v  ‘ 

jOO 

£ 

CO 

'--  -  • 

■•  -—  - 

.y ,  1 . 

.  -  .: 

-CD 

.©. 

jrH 

2  -.■=■ 

___ 

'a 

§ 

♦H 

o- 

<D 

a 

X 

■T  2 

•  w*  ■■ 

■JO 

»  ' 

to 

.  pH 

© 

2 

iP 

■CD 

^  3 

CO 

:_;0  — 

- - - 

a 

.  e 

-..o 

tT 

e 

Or 

AP 

"  W 

© 

LP 

£5.^5  . 

1  H 

CD 

A 

OO 

oj 

0? 

o 

■•© 

CM 

CM 

a, 

o- 

p 

■  * 

.  W 

o  ® 

■  o 
“z 

>  ■ 

.,fc<  . 

. 

.. 

» 

3 

c 

— ,e  - 

■CD 

-  -V 

— 

- 

-1"-; 

Vr. 

© 

? 

1  -r? 

©  - 
o 

,-rH 

- 

- 

- 

© 

§ 

CP 

-0> 

CD 

.© 

.pH 

to 

a 

t 

' 

fS 

OJ 

H 

a 

CO 

S 

UO 

oo' 

X 

B\ 

>3 

j  i 

■o 

a 

o 

-PT* 

05 

o 

CO 

.CD 

CO 

-•* 

c 

JD 

CO 

9 

.O 

r4 

CD 

m 

« 

CO 

a. 

*. 

>r 

* 

• 

-s> 

o 

< 

a 

.59 

ta 

IN 

-.HX 

£ 

BO 

> 

pH 

CM 

.  *H 

pH 

_g _ 

X 

Z 

3 

i 

o 

o 

o 

' 

J 

' 

a 

X 

• 

: 

.A 

.flD 

1 

• 

« 

■a 

a 

£ 

:£• 

g 

a 

■U 

.o 

.-C3 

J 

ft. 

o 

3 

a 

& 

ft 

1 

*«p» 

•a 

a 

* 

, 

CD 

.JJ 

O 

ca 

-w 

£ 

o 

*P4 

J 

; 

u 

3 

*i 

u 

2 

4~» 

CD 

ft 

o 

I 

CD 

& 

Sx 

ft 

u 

J 

X> 

flD 

P 

*3 

3 

a 

■ 

.4 

-sT 

£ 

ft 

taB 

.& 

1 

tt 

i 

s 

t: 

,C 

J 

w 

* 

■8. 

a 

u 

o 

8. 

JED 

c 

9 

)f  Teat, 

.l 

c 

i 

c 

o 

a 

i 

O 

j 

3 

H: 

I 

<^4 

a 

l 

■  ^ 

f 

g 

►H 

o 

4) 

e 

i 

a 

*• 

fM 

•c 

-w 

r* 

2 

ft 

< 

B 

& 

"3 

o. 

■>oj 

S 

-•-4 

o 

1 

u 

S 

3 

§ 

S 

*«4 

« 

4) 

u 

a 

'^4 

CD 

*-H 

ai 

O 

> 

J4-4 

g 

c 

fl3 

£ 

)  Refueled 

u 

jh  ! 

a: 

M 


123 


Figure' 49.  Thruster  System  Electronics 
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operation  of  a  pulsed' phis  ma  thrusteratJS^lf  jJ^JhsUca.ted  wUi-jiradttbe. _ 

half  the  thrust  level,  but  exhibit  twice  the 'indicated  lifetime  in  hours  !  Ihistrade-  -  - 
..off  between  thrust  level  and  p.ulselfreqTjencv.ia  .a  feature  unique  Xo:  thepulsedpbHfflal  ~ 
thruster..  '•  .  _ _ _  _  _  . / . .  ; _ . _ . 

^  ^The'totaHmputee'.tepability^ 

range  required, otmany  of  the  power. limited  smaller  satellites. 

With  the  exception  of  the  two  tests  denoted  as  Log-  76  and  79/81,  respectively, 
all  rests  were  carried.out  without  refueling.  With- the  exception-of  the  tests-  utilizing 
.  Bendix  .capacitors , , all  tests, were  carried.out  at  the  highest.power  density  (watts /lb) 
considered  .compatible  with  desired  life.  It  is  for  this  reason  that  most  testa  were 
.  terminated  because  of  a  capacitor  failure..  .These  failures,  were aoiadyzed  and  modi  - 
fications  were. subsequently  incorporated  to  achieve  greater  capacitor  longevity  at 
.the  same  power  density  rather  than  simply  derating  the  .capacitor.  In  cases  when  ' 
the  life  test  was  terminated  be  cause .of  anelectrical  short,  .it.  was  found  .that  a.con- 
.  ducting  deposit  would  'bridge  the  two  electrodes  even  though  re  -entrant  cavities 
were  incorporated  in  the  insulator  assembly.  ;  A  very  high  degree  of  correlation 
has  been  found  between  vacuum  oil  back  streaming  (due  to  external  power  or  water 
-  failures)  and  the  appearance  of  such  highly  conducting  deposits.  '.  It  is  strongly 
suspected  that  a  reaction  occurs  between.the  plasma  and.back-strearoed  oil  vapor 
like  that  reported  in  reference'  15.  In  a  controlled  experiment  It  has  also  been 
found  that  the  interaction  of  the  plasma  with  outgassed  material  of  a  recently 
cured  epoxy  will  form  a  heavy  layer  of  deposit  even  on  the  face  of  the  Teflon  being 
depolymerized.  This  deposit  would  subsequently  act  as  a  "heat  shield"  severely 
hindering  the  depolymerization  of  Teflon  below  it.  It  has,  therefore,  been  found 
essential  to  thoroughly  cure  epoxies  before  use  to  preclude  deposit  formation  by 
the  interaction  of  the  plasma  with  outgassed  material.  Since  all  of  the  vacuum 
facilities  in  which  the  life  tests  were  carried  out  did  not  have  liquid  nitrogen  traps, 
it  was  not  possible  to  preclude  oil  bads  streaming.  It  is  believed  that  the  laboratory 
vacuum  pumping  syetem  should  be  comprised  of  ion  pumps  with  sorption  roughing 
rather  than  oil  diffusion  pumps  for  truly  establishing  maximum  life  capability  of 
the  thruster  system.  Of  course,  such  reactions  between  the  plasma  and  oil  vapor 
cannot  occur  ir,  space. 
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"  '  'Figures  50,  .Cl,  and  52  were  taken  of  the  thruster  denoted  as  Log  79/31  in  •  — ' 

along  the  thrust  producing  axis..  As  Indicated.  In  Table  lO.ithls. test  terminated 

-because  of  the  Inability  ^>f  the  igniteraystem  to  iidt^te  a  discbarge  due  -to  deposit 
“formation  on  the  electrode -surfaces.  *  It  cart  be  seen  that  tbe  -Teflon  propellant  T 


"•J'-  -  ■ > 


remained  white  (U  e.u  non-char  ring)  while  are  e  i  due^  for  med;  on,  the  insulating  •' 
sidewalls  ae  well  as  on  the  electrodes..  ".The.'croes -section. of. the.  nozzle  shown  in 
Figure  50  was  initially  rectangular  (3/8 -inch  wide  by  3/4 -inch  high).  In.  Figure  ; 

50  it  is  seem  that  deposit  formations  on  the  lower  parts  of  the  side  insulator  reduced 
the -nozzle -efflux  area.  -Figure  .  51  shows  the  deposit:  formation  on  the  -cathode  while  - 
Figure  52  shows. a  7X  magnification  of  the  same,  surface.  The  surface,  was  very 
.  .nearly  completely  :»yered.wlth&^  email .c’raters  \yhlch  e^.nded'tb^/  : . 

the  electrode  sy  _/aoe.  It  is  most  important  to  note  that  actual  electrode  erosion 
be  lowthec&ppelt'waa'tnaigp&ic^tv. Figure  ^ 

deposit  has  been.remdvediea.  as:to..expose;the.jBro'sioh.beneath  ite"xieposit//lt  Is  r 
estimatea^ erosion would Joe  ofmo ^problem: even  for  an  orter-ofF^ 
magnitude  larger  time  of  operation  at  the  same,  power 'and  thrust  level.  At  no 
time  wou.d  difficulty  be  anticipated  due  to  erosion  of  ihe  fuel  retaining  shoulder.  ;/■/ 


As  indicated  in  Table  10,  tbe-_380g-hcu*:  test  _was  carried  out  with  refuelihg.. 
Figure  54  shows  the  3/8  x  3/4 -inch  Teflon  propellant  end  pieces  after  each  refueling 
and  exactly  as  removed  from  the  thruster.-  In  ail  cases  it  was  found  that  the 
depolymcriied  Teflon  surfaoo  remained  perfectly  white,  The  slight  nonplanar 
condition  of  the  surface  represents  the  shape  after  roughly  2  *1/4 -inches  of  Teflon 
of  each  rod  was  consumea.  In  no  case  has  this  slight  irregulavity  of  the  surface 
been  found  to  affect  the  thrust  level. 


Figure  55  shown  the  thruster  nozzle  at  the  end  of  the  bsst  denoted  as  Log 
104-E-5r  This  test  lasted  for  535  hours  at  the  140  \i  lb  thrust  level  and  generated 
270  lb-sec  of  total  impulse  at  a  specific  impulse  of  about  l(>70  seconds.  The 
formation  of  a  small  amount  of  deposit  can  be  seen  on  the  lower  electrode  In 
Figure  55,  whereas  the  face  of  the  Teflon  propellant  remained  perfectly  white. 
Figure  58  shows  the  propellant  rod  of  Figure  55  upon  removal  from  the  thruster. 

A  *  _ _ J  _  ft  —  X  >7^  — XI  UV.  —  1  -—.a  4 - U  X— - - —  1  -  -va—  —  1., 

rUW91  OJllOUJUillfc  O  UiWUOO  OX  1  9UUU  yUV  X  D^uaiv  1UV1  &  XX  ViibCtX  aioa  ax?  ocvu 

to  be  still  very  nearly  planar. 


Figure  52.  7X  Magnification  of  Cathode  Surfaces  After  3800  Hours  of  Operation 


Figure  53.  Cathode  Erosion  Below  Deposit 


Figure  54.  Propellant  Remnants  After  Each  Refueling 
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Figure  i  3.  P rope Liant  of  Log  104-E -5  After  535  Hours  at  140  fi  lb 
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'  .  <Pse  raster,  svstctn  .life  tests  carried  out  show  that  the  performance 

m^fliop  re^r«n 

of  power  Uwiied  »telLtes  requiring  ndcrattrusier*.  Under  a  separately  * 
progra^i,  a  pulsed  plasma  micro ihruste r  ^  p^'er  oonditloaer  were;<fcaigD 

M»?;<a*e  Tocmtar^i^oaVX  orr  i^d^'laLtlo^  021^  aV  s^tellli 
F*®lre6  ?7  -  flight  r;-  .  Soroe  of  i^'-test  resuiti  of  Is 

versions  olthth  system  areSr&sented:lnTafcLe'12^f^v' 


Figs-  -2  57.  Flight  Qualified  Pulsed  Plasma  Microthruster 
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Figure  58.  Flight  Qualified  Pulsed  Plasma  Microthruster 
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i.  l  '  General  Description  - . —  •  '  — .  •  -  •  -••--•  •  .  •  '. 

''  The  measurement  of  thrust  from  pulsed  plasma  ftr  *  %rp.  operating  in  tbe  ^ 

range  of.l  -  100  micropounds  thrift  ijopbees 

thrust  measuring  system.  Among  these  are  vnctaan^ cbM^rsl^  during  1"=??  . ; ,  j. 
dcwn^  eaberial  movements  *•■  _ 

and  vibration  due. m  rnecltfutieaf  oq^  ^  ^  ^  08'5*?'-, : 

out  calibrations  of  the  etana  remotfeiy.ln  the.vacuam  chamber  (taring  engine 


v~" >he  principle  used  for  Bepublic’^thiroi ;.»ji^*ur]lnip -ijHrtoxn' . 
figure  59  is  tbatpf  the  seismic  pendulum «  In  this  system  the  tlmi^ter  padage-  * 
iB  e%»orfeed.irojn_a»  arm  pivotipg  about >,v©mq^ 

a  flight  inclination  to  the  vertical  wbi^  results  in  a  low  point  in  tbe  .^ruater’s. 

this  Jew  point  if; displaced,  f  or  email  angles  of  Inclination  the  movable  arm  will  _; 
have  relatively  lar^.d^splapeinejits  ior  sm^l;  vertical  rises-  Thus  for  low.thrufts- 
in  the  borisontal  direction  laigt;  diaplaoem.enta  sk;  obtained  and  tbe  system  will 
have  a  low  natural  frequency  enabling  one  to  measure  u  single  pulse. or  ft?,  migrate 
relatively  low  frequency  pulsed  operation  of  a  microibruater.  The  sensitivity  of 
the  overall  system  is  controlled  by  the  weight  of  the  moving  mass,  the  angle  of 
inclination  and  tbe  readout  system  used  to  wake  the  measurements.  The  cowbir 
nation  of  the  angle  .of  inclination  with  the  measuring  system  used  for  this  stand 
makes  the  system  very  versatile  o  ver  the  desired  range  of  ope  ration. 

IVe  thrust  measurement  is  a  function  of  the  displacement  of  the  thrust  arm 
from  its  aero  position  and  for  the  small  angular  movements  of  the  arm  which  is 
the  normal  operating  regime  of  the  thrust  stand,  this  relationship  is  linear.  The 
sensing  of  this  small  motion  is  accomplished  using  a  capacitive  measuring  technique 
developed  by  .Republic  and  previously  applied  to  other  sensitive  force  and  displaoe- 
metd  measuring  systems.  -Capacitive  systems  have  been  produced  that  are  capable 

«  _  *  —* _  *  .si  i n *"fi  m*aVa«  « »4-fV>  <i  smP  in  - AYOAS0  of  fiOOfl  Hr> » 

jyj  XB^UiVAUJ^  O  A  AV  *“  J  *»t  <»»*s>  *v  am  -  **n —  ^ 


. ;.  Fke  principle  of  the  displacement  measuring  transducer  is  based  upon  two-"-'-' 
back-to-back  capacitors  whose  cnnipisuicstai^1  out-cf-balance  i$  detected  b>~ '  -  ] '  ' 
means  of  an  a.  c,  bridge,  circuit,  /-The  basic  schematic  of  this  unit  is  depicted  in  .---.  • 
Figure  60.  The  transducer  unit  equipped  with  4  capacitor  jjj 
i variable  capacitors  Cj  and  C2  in  the  schematic  (Figure.  60).  -  Two  of  the  plates  • 

.arc  combined  to  form  the  center  portion'  of  the  bridge 'and  are  jcarried  rm  a 
plfifitic  block  attached  to,  and  moving  with,  the  package,  carrying  plate.-  .The.  t\ro,-.V.:.. 
outer  capacitor  plates  are  attadted  to:  and  remmh  iimd  wittY  ~  ' 

transduajr .  As  the  package  moyee,  the  capacitances  at  Cj  and  C2  are  increased 
and  decreased  or  decreased  and  increased  respectively;  thus  unbalancing  the  bridge 
:  v>V,v  Y-Y^l  rYi-YY: 

Yf:  ^.The  read  outfor.  the  system  falls into  two'  modes ,  a  di t* rt  reading  pr  rYY-  t 
^bridge  balance  operation, ,  Jn  the  direct  raading  mode,  rwnrf  ;  Y 

on  the-  a®  If -contained  meter,  on  tbe  face  of  tbs  caonsole  or  by  commoting  the.  output: 

~  *.  -  V&.-  thrift;,  is  then  pjbtaJlgid  by.  a:  comparison  with  sttferr  ; 

the. impulse  or  steady  state  calibrators.  In  the  bridge  balance  inode  the  micro- 
thruster  is  n^rpted  arid  tpe  bridge  |js'  nulled  by  .operating  the  steady  state  calibrator  - 
to  zero.read^ut  ai  tic  sey-oonfeined  n^ter  or  a  recirdirg  ewriiingrapp,  _  • 

Figure  61  shows  the  thrust  atsajd,  the  pivot  arm  steady  state  calibrator,  '•—-7. 
impulse  calibrator,  standard  weight  calibrator,  and  capacitive  motion  transducer. 
For  repetitive  pulsing  the  thrust  measurement  is  achieved  using  the  null  balance 
vmafcod  indicated  above.  ' The  balancing  force  is  produced  by  the  steady  state 
calibrator  which  consists  of  a  standard  weight  which  can  be  remotely  positioned 
-by  means  , of  a  motor  , driven iead.acrew.  The  turns  of  the  screw  are  monitored 
by  an  encoder  unit  feeding  into  an  electronic  digital  counter.  33iie  steady  state 
calibrator  can  be  checked  by  the  application  of  thrust  Forces  on  the  thrust  sti  nd 
srm  by  means  of  standard  weighte  aettog  through  a  built-in  .bell  cranklevershown 
in  Figure  61. 


The  impulse  calibrator  imparts  an  impulse  to  the  thrust  stand  by  rollii®  a 
steel  ball  down  an  inclined  plane  .and  impacting  the  ball  on  the  thrust  arm.  The 

JflboUnrtjBg  hftll  .jg  cnuohf  (p  a  hmirtor  ptiri  v*r>»« K»r  a  o  a*.  — 

-  «/  —  ~  —  ~  ~  m  oiwvn  ~  *  1  ykf 

oaf  the  incline.  The  angle  of  the  .plane  is  set  at  7°-12'  and  the  fwgueney  of  the 


DaUs  is  preset  ta  i  Hz.  By  simply  nicking  the  ball  calibrator  actuating  switch' U  is'  - 

impulse  too.'  •  -.  .  ." y-:--  -  ’  '•'.  '  ii  ...'  .-'-I:  .  ••.•  -__  . 

:r;  r  ^Ttou^t  rea£^t/ia  .obtained,  fr.^ 

^prpyirt^d.fl^  a. paddle  In  a  silicon  oil  ba ji  to  rernove  extraneous  r  iecbani  cal  noise"  from.  ' ' 

-damping  can  bo.  controlled  by  varying  the  viscosity  of  the  oil.  ■  the  d«nth  of  ?K»  -  • 


_•, \p», \^  .  .  _  7.  ._  .7 


•'.■\\  J  -J  •**&:*  rx-i't-r  -^xi- ww  W*.SWW»0DV-J  '  ^ue  Oil  ^  r 

P°r»toj 

...  •  ;  8*t“”.perr,!t5't(!,e.c,P?T,tor..,o  c.0-">«r3iifc.{or  atutudo  chaige'Bin  ti,c.»6t  :-  ' 

..c.*^nS)er...swlctiangee.ln  the.centei-  of  gravity  of  tW*t«.Vp&ck&ge.  V  Sfffi  -; 

alpitl  are  iiued  to  obtain  a.  permanent  record  of  outputs,  .  ** *•  *•  ‘  •:*:  •  . 

-4>&  Atypical  Results,' 7  *1 ”  ""  "  ” :'-  -:•••,?:•  V'  '  •;'■'••■  ?•;  .**..  ' 


•I 

i 


' ■;  ^igwe.,63  rn M  a^cal #u*thr^ 
wcord  of  the  output  of  a  7 .6  u  lb. throat  level  thruster,  respectively;  The  paper 
■peed  wae  l  mm/sec  In' both  cases.  It  la  wen  that  the  thrust  balance  can  be  cali¬ 
brated  within  1  minute  and  that  thruater  records  can  also  be  had  within  one  minute. 
Small  oaclllatlona  of  the  zero  baseline  are  due  to  random  background  vibration  of  the 
vacuum,  chamber  which  are  Induced  by  ground  movements  of  the  building,  nearby 
machinery,  and  traffic,  Theae  records  uhow  that  thrust  level  measurements  down  to 
a  few  micropoundi  can  readily  be  made.  Results  such  as  shown  in  Figures  63  and 
64  have  been  repeatedly  made  over  a  period  of  weeks  without  the  necessity  of  main¬ 
tenance,  particular  precautions,  or  adjustments  requiring  more  than  a  few 
minutes  to  carry  out. 


I® 


««***# «£&  pm/am 

JWfirMiiS#  y  fa’&tt'#'#  •’****&&'* 


SECTION  V 


APP  LI  CATION  STUDIES 

5 . 1  General  Applicability 

The  purpose  of  this  section  is  to  indicate  the  areas  of  applicability  of  the 
microthruster  syeem  that  has  been  developed,  and  to  provide  guidelines  in  pre¬ 
liminary  design  fer  inclusion  of  this  thruster  system  for  meeting  mission  require¬ 
ments. 


One  of  the  features  that  should  be  evident  from  the  foregoing  sections  is  that 
a  vast  flexibility  in  design  parameters  exists  with  this  thruster  system.  Because 
of  the  simplicity  o'  the  system  it  is  possible  to  e?s*iy  custom  design  a  thruster 
system  to  meet  specific  requirements  that  are  imposed  because  of  power,  weight, 
volume,  geometry,  or  performance  constraints.  Besides  these  constraints,  it  is 
also  essential  that  the  system  perform  reliably  throughout  its  intended  life.  The 
reliability  and  thruster  weight  for  pulsed  plasma  thruster  systems  are  very  closely 
related  to  each  other.  This  interrelationship  arises  because  of  the  energy  storage 
capacitor.  It  is  a  well  known  fact  that  a  capacitor  can  be  derated  to  provide  a 
particular  life  with  essentially  perfect  reliability.  Increasing  the  degree  of 
reliability  for  a  given  life  of  a  given  capacitor  is  had  at  the  expense  of  capacitor 
specific  weight  (expressed  in  terms  of  pounds/watt).  This  latter  statement  is 
evident  from  the  voltage  power  law*  (at  constant  temperature)  and  the  fact  that 
specific  weight  of  r>  given  capacitor  in  terms  of  pounds/joule  is  directly  proportional 
to  the  square  of  the  operating  voltage. 

The  range  of  applicability  of  a  single  nozzle  pulsed  plasma  microthruster  to 
carry  out  EW  or  NS  stationkeeping  requirements  of  a  synchronous  orbit  satellite 


*  This  law  states  Chat  Lj/L^  =  (V2/V])n  where  Lj  is  life  at  voltage  Vj  and 
L2  is  life  at  vohage  V2  ,  respectively.  Exponent  n  is  a  function  of  capacitor 
material  and  is  about  6  for  the  present  purpose. 
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FJ®ra  t1*®  ^<?ilat*d„  results  presented  1*  *sfcle  13  it  is  seen- that  the  pulsed 
plA8.^f  ^ic5°?*r!,**eF  **  ,<»P*d>to;of  t&rxurt -reaylpein«ntt^  fo.r  fw 

atatlonkeer:  ig  for  satellites  wwightag  up  ^  pounds;  Ho^w,'  the  miiro- 


|  07 '_  •  >  •  **,V  — 


fj'Ofe 


:•  \  -  ,  ^ :lniP^  requirementp,  it  i*  c^’ar  at  the  tirtc  of 
.'■;  .' ^ESpttur^t^r.^fcii.  not yet exoeed^l^^^  '  •' 

pfe^ljLite5;-vre^ 

.-..i^vjwmde . .  T^  NS  i^<^rement*tre‘ moreMeiihaading  and  presendyc^yNS :totaF-\-“: : 

for  a  dttlecoyc  r  onie;year\>?  the  ligfatea  t-aate Hite  has  been 

tyton  ':  l0] 

S  ?«^9^:iJe*riy'  it  if.  /^trfujrtbe  r  :oit  ^  ' 


-■.«■  ■V’-^'rv.Vr 


ws  ■:: t,;„  or *  •  *.v .  su  j 
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rang*  of  appU^iUty  b*  iuA  '^rt*thin»V l^<*ted*^here: 

-e  ipfenjci^  ■  to" 

prpferr^ly  to  wry  «ut  lie  testa  "iii  ion  pumped 
~  ~r-f  haying  aorptloR  ro»  .  'l}y  \  5^  ^  ::';'^'::-:/.L 


~'f  :  -  "n>e jpsaeral  oonalderadops  presented  above  considered  EW  and  N8  require¬ 
ment*  of  synchronous  orbit  ssteUites.  . For  othtr  applioattoas,  i.e. ,  ;'iy.: V?.-: 


drag  compensation 

station  changes  ; 

orbit  acquisition 

spin  axis  preoeasion 

inversion  maneuver* 

attitude  maintenance  or  change* 

pointing  accuracies,  etc. 


the  pulsed  plasm*  microthruater  would  appear  in  many  cose*  to  be  completely 
oompaiible  with  the  requirements. 
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TAB LE:  13..  ABP  I2CABIUTY.TABU  LA1ION 


n 
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n 
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A.  ... .  IMPULSE  REQUIREMENTS ‘ 


v*iv;:  ^  '-iit  f. 


0 


"Satellite  We Ight  ‘‘V  "  ^ ;  EW  Impulse  Rqta>YiS^S'S^NS  Impulae  Rota/Yr  ..;' ■ 
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C.  THRUST  REQUIREMENTS,  25%  DUTY  CYCLE 


Satellite  Weight 
_ tfe?).  .  ,. . . 


EW  Thruat/Tliruiter 

_ MM. 


NS  per  Thruater 
->-  JM.fr) 


0 

D 

0 


85  -  500 

2.34  < 

f  < 

13.7 

25 

< 

T  < 

147 

500  -  1500 

13,7  < 

f  < 

41.2 

147 

< 

r  < 

444 

1500  -  2500 

41.2  < 

T  < 

68.9 

444 

< 

740 

2500  -  7000 

68. 9  < 

T  < 

193 

740 

< 

t  < 

2220 

:  , /  ;iJt  )iaeMM&^&  terms'  of  the  jHdt&l'.rZ'r 

*  ®^^ruster  depicted  •  to  Figi^  ifce  option  that ; ;  ' 

*he  powpv  conditioner  maybe  used  to  power  ope  .or-iuore  thrusters  and  dixt&Lrge 
; to^*^ng  ci^cuitv  ,  Furthermore^  as  will  be  shown,  it  Jjirmtny  times  mtsre  adyan- 

V®*8001**  w  one  thruster  nszzie  stich  ars  ^sohargiag  either  in- 

the  Mime  arin  different  direc^ions,-^  -  "  ' 


‘.'Li'  V'-^  -Vf/c;  ,’r 


•  **:;fxvv^ 


-••  :•.?'  •-:  caJcolatlirH^s  following  data  is  representative  1  w 

<•  by  notes'  from  Figure  l6:tfuttan- 

.  /t%  'j:Jl  _  x  --  •  •••  '  '7' V-  ■'.  V*  '  *  * :  .♦ '•  ‘A?-  \ '  -•*.•*/.* •  ■'  * '*•'**  v-  ’. T- *  '•  *-  > *’ • 


' ' J*?^*e* ^*®e < iwrage  jgri  u*t(T)  u-illtben  bieV :^A~:-:*''- 

J>ower:0’^pdWpi:  ^opndilkaerv^l^ 
system:for  operation,";  yetmU^^i  tg'uaea^y^  respond 


®Pec^c  1  mpulga  is  fou&i  to  dapead  apca  feB  jlsehifft  per  *«*» 

frontal  area  <*ee  Section  2.1. 3b).  Elementally  lr  la  possible  to.wudite  a:;”;.:" 
relation  -tetween  specific  impulse  (^  )  and  disc-ha  rye  energy  <sec  Reference  16); 
given  by: :  '  >  '■  ;■-■  '  „:  ■'■  : -^-;,  ,;;  -^v;. 

. .  -  Iin  »..-  ygo  E  °* -  ~  --  '  *••  •  -V 

n^re  the  specific  impulse  is  in  seconds,  the  energy  in  }omi^s,  respectively,  la 
acoordsnoe  with  the  latter  relation!  or  the  esperimeatal  result*  oi  figure  5  of 
Reference  16  one  finds: 


Discharge  Energy,  joules  1  5  10 

Specific  Impulse,  sec.  260  660  990 


20 
lit  5 


40 

mo 


.' '  ^(ferauo^:  AV^c  ^'wr  sygg'm  encon^tn^ 

.a)'  ria 


;•  ■ ,  • . ’..  .  '  b)  • ..;.  a  thrustex  nozzle 


'  ""V"  "" t:;'.;’:  -0)  -  /, .. a  discharge . initiating  nettyork ;,  ' 

' '  '  "V"  ' .  ,'d)  '  propel^t;' &  guide  and. feed  spring;-^- •>■  >  .\V;”' 

■•'  ■  ■■'•  2)  a  'power  conditioner  •  ^  •••'•  ■>■•-  -—  >  --*  •  :va  ‘.%.t:-r'.:^'_*:.v^.} 

“•••  -.--  ■  "*"■ —  ty-"  a-'jdrlver- V-  '.r-- 

is : essentially  that  of ^ ^w'.^i'0r *•  T1* 

weight  for.  i^tion  copied'  cft^caors'/^hf^.  huve  beexi  We  .tea  -Jc™  5§Sg 

^ ^njuncto 5 wit^thpWr  toba^  befen^i^^to^e -S; 

,:'.‘;?5eliiti»g  *  particular  desired 

define#  W energy level's!  opera^cn.\  Tl^c  corresponding. 

•;  capacitor  weight  will  then  'alao; nOEtle  aad  ^ 

'.  :  rircitliry' lntrod'uoe'  a^d^lg*»'o^**^r°‘^  "'■;  :v~'-^-/.-  I 

- •  or.^e^^ope.llii^  »y»Utn; ii, e«'»ent^Ily?|haV of,,%‘  ^ 

•'•-the  propellant  aubayatem 


Propellant  subsystem  weight  -  50  gram*  +  propellant  weight 

•".’ '  total  lnmulae 

•.,.  /  '  -  30  gram.  +  -p^ftu  impulse 


a  The  saving  in  weight  that  an  be  bad  hy  wnneutiBg  more  than  one  thruster  to 
a  a  ingle  capacitor  will  be  treated  In  Section  V.  £. 

m  •?_  _*,«•  foi«  rrjitte  ia  incorporated  ac  part  of  the  structure 

i^ii^houaei  the  thruater,  propellant,  and  diacharg,'  initiating  circuitry. 


.  in;Sec±iOn;2»3..3e  it  was  shewn  that  the  power  conditioner  weight  is  vx 


acccmq^pejwith  Table  .6, ,  i.e,,  below.  200  watts,- the  powerT  conditioner  weighs  —  : 
500  crams  pius-li  grams /watt,  above-  200  v^tttil'wighe  500  grams  plue'5"gmms 
jwatt,  rftBpcctivefov.p^r.lifen tte; driver* t_,q^  ...... 

additional  weight.  •  ...7-.V.. 


;  The  weight  of  a  system-can  thus  be  calculated  to, within  a  reasonable  degree 
placciira^r  in'  acconianoe  -  with  the  schedules  a  joined  above.  •  Tor  a  Teflon  pro-  V 
pelled  single,  nr  zle  stogle/capaettorsolid  prypellarit  'pj^Laed  micrpthruster  system 
-with.  a. thrust- tevelof'im  to'  800  p  fi>we  arrive  at  a  weight  schedule  as:  ’ ;.'  v  C. 

£***  .v»‘**  -■  ^  l 

•  in .  grarnr  ^  >& 

t'-’*'-  '’:  -  "•*;■  V'.'  ‘  '• '  /•>rr  t/V f>rj - i=?.:<Vi^rV>  *  r>  j  -v?"  *  .*%.£'  iz'. 

*  v  'r’V;  .  ',.  .'•  J  ' . .•;«, ♦.'•iv.'V-: i>:  •>%• ' -'-'V „xS i.  •  ••; 

or with  ttethn^  7" 

Wfrt-.  6jStrW.  -».fc  ^§>g*ttu.w'  -,(«53.« 

UK  graTDf  .  ...  :  .  -,r.v  ,  .......  -  ....  :  .>  '...v  ...;  "...  .  . 


In  order  that  a  given  pulsed  microthruster  deliver  a  certain  total  Impulse 
(I);  it  must  deliver  (n)  discrete  impulse  bits  (i).  The  total  number  of  dlsohargea 
that  the  thruster  has  to:  sttrrivji ^ia;tlMW^Vi^i':;--":;r 


Tl.-. .  /  .-.V jjv  l/ivV;.  . r- v;  -V'.r  ’ :  Vv’.’ 


.  At  this  point  it  should  be  noted  that  any  desired  thrust  level  may  be  achieved 
by  any  one  of  a  number  ed  possible  designs.  The  power  requirements  remain 
essentially  constant  at  6. 25  watts  per  micropound  of  thrust.  However,  a  given 
thrust  level  uan.  be  arrived  at  by  either  a  Sew  number  of  discharges  per  second  at 
high  energy  per.  discharge  impulse  bits,  or  more  discharges  per  second  at  lower 


Any  suuXue  which  supplies  s  c  yuui  pulse  when  sn  impulse  bit  is  desired. 


•  Cv, 


energyjjerdmcteDte.  impulse  bUs_._:  Far.  example^  a 

delivering  Uvnaec  of  iqtal  impulse  may  scSRume  any.  one.  ,cg-  j^ftigng  ta^fc^ti 


in  Table  14  a 


:  * 

11 

%  *1 
,  t 


.;  .  "  TABLE- 14. "  POSSIBLE  DESIGNS.' QF‘A  100 p  lb /THROST^E^j^^^^ 

V  •  •  '■  '  THRUSTER  DELIVERING  1000  ib-sec. TOTAL-'"'  >  >'-'  ^ 


5  :  -V;  TO’;"' :  ’\''2Cf.  ' : 


>  .  160 


Specifi c  lmpulBey  aec  v  •• 

Total  number  of  discharges  v'-'j.  2,  5xlQ9  ■ 


Total  system  weight;  grams  .  3555  :’- 


tlO7-1-  ;  2v  5X107-.  !'l.  25x 


6.25x10 


2406  ■  .>  2268,,.  , 


.  -  ^  Thbie  >7/; 

level  of  Operation,  .  the  most  reliable,  (i.e. ,  the/sysiem  requiring  ^^le^BLmunber 
rrf  r»tin  a~  t fi  attain  a.  given  total  tmoulsel  thrust*  r,  system  will  also  be-  the  lightest . 

ai«.  Howeverv  thifl  latter  system  will  most  . larger,  in jii^e.^an.^.  lo)^.  . 

discharge  energy  systems.  5 ""  '-~r-v  ' *•"  ^y. 


Should  the  total  number  of  discharges  n  be  considers bly  beyond  tire  number 
demonstrated  by  state-of-the-art  capacitors,  it  will  be  necessary  to  either  derate 
the  capacitor  to  operate  at  a  lower  power  density  (Ibs/watt)  or  to  operate  die  thruster 
with  a  beat  sink  which  maintains  the  capacitor  temperature  belcw  that  of  aradiation 
cooled  capacitor.  In  this  latter  case,  the  capacitor  life  is  roughly  doubled  for  each 
10°.C  decrease  in  capacitor  temperature  achieved  by  teal  sinking.  It  is  also  possible 
to. achieve  maximum  reliability  of  delivering  s  certain  total  impulse  by  incorporating 
redundancy  in  system  components  isee  Figures  49  and  57,  respectively). 


The  above  oansiterations  applied  to  a  thruster  system  when  each  thruster  had 
its  own  oapadtar,  power  conditioner,  discharge  initiating  network  ana  driver,  aiany 
applications  Tequire  more  than  one  thruster.  The  next  section  considers  an  approach 


-jTsr-oi wp?  Mjutfrr  i 


*  I  ■  ■  ■  »«rr  WMtKB 


?  ' 

►  -  ' 

£, 

m 


:  .]•  :•  :\- 


■'I  ■■ 


4’  - 

;■  i. 

•  i  •- 


that  may  be  adoptee?  for  such  applic:  ions  in  61  to  obtain  the  ii0itczt'.pps'jiolc  ;  ' 
system  weight,,  but  yet  retaining  a  high  degree  of  reliability.'":  '  V  '  V  " .  • 

5.  2  Thrusver  Systera  Weight  Reduction .S>ehen<e 

•  :  .;In  Poetical  application  of  bur >thrurter  system  for.  attitude  control,  V  r 

stationkeeping,  or  other  fpace  missions,  anywhere  from  s  tc  12  thrusters  may  be 
'  V  required  in  given  satellite .  The.piu^Se  to  show'that:  tne  -V 

weight  of  a  multi -thruster  system -is  mini  mize  if -more  than  oxv*.  thrmster  noz  zle  '-:  ' 
is  connected  to  a  single  vierated- capacitor.  'In  the ’first  Bet  of  caiculat<ons  xo  follow 
such  a  propulsion  system  configuration  is -called  ’Scheme- A.*’.  VVVVj 

,V  ■  .  .  Schexr.e  A  ;.y  V^VV  VyVVyy  WV 

‘  ?- :  *^S  ealc^Iat'onvis  ^rried  winpa.rii)g  .the  .wpight  ci  a  single  .capacitor  \V 

which  is  derated  with  respect  to  voltege  to  give  it  the  same  life  as  the-.total  life  of  ' : 
$■  capacitors  whieji  the  single..caj^,citor  is  to'  replace.  •"  It  is‘  assumed  that:  ; 

U  Only  one  thruster  of  tbs  multi-thruster  system  would  ever  he 

.;/  :  .V  .. .. .  , .  operated  at  anjr. instant.  .  1  -‘V-:?  V-  W r  •  -y. • . .  .y  t 

;VVyV'VV;y-  2)  <’  rhe  capacitanoe  of  the  single  capacitor  is  equal  m  magnitude  to 
‘^yVyVVVyVV"^  oi^fi^-Ji-^its^5vhicli  it;:isc^  tepiace^  v 

.•  \yVV-":-  .  3)-  ;  ..The  energy/discharge  delivered  by  the  single-capacitor  is  the.  ' 

V' y  /  -  v.V  same  as  that  deliver  -*d  by  any  one  of  the  n  unit*  it  replaoes. 

■  4).-  ;  The  Joules-per-pound  ratio  of  the  single  capacitor  is  equal  to  the 

V.V  V;V:  - •  joules  -per -pourd  ratio  of  each  of  the  n  capacitors  it  replaces. 

а)  That,  the  "voltage  accele  ration  factor  a  is  constant  over  the 
voltage  derating  range  of  interest. 

б)  The  weight  of  power  leads  are  negligible. 

The  voltage  power  law  (at  constant  temperature)  st’ies: 

=1  V  .  G 

T7  =  Vvf-y  (with  Vl2  *  »> 

with  L  the  life  and  V  the  applied  potential.  The  exponent  a  varies  with  voltage 
stress  level  for  any  given  dielectric  and  also  with  the  type  of  dielectric.  For  the 
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pre sent  purpose s  exponent  a-  will 

capacitors) !  and  "  The  v&ue ;  6. 4"  applies  to  Sprague ; “etalized-paper  ca] 

In  oi’der-f.hat'a  single  capadtor  havo  the  saroe  life  the_ri  capacitor?  it 
replaces,  - it. is 


L  -  o  L  - 

A  f}  :  ;•  .in  v 


with  L  •  and  L  the  life  of  the  single  unit  and  the  lifevof  each  of  the.  multiple; 
units  being  replaced.,  respectively.  From  the 'voltage  power  law  it  is  evident  that 
the  design  voltage  (V^)  of  the  single  c'.pacitor  is  related  to  the.  voltage  (V^),  at , 
waich  the  thruster  is 


yfflpill 

L  \  V„  I .  v 


with  1/  and  L  j-  as  defined  above.  From' the  latter  Wo  relatidns.Vone'fmds, ;; 

a  m  v  •  ;y  • ,  :  . 


:|{|| 


a  - 


Alyls  ocw  possible  to •  compare  the.  weight.-  (W^) 
cases  whore  each  thruster  has  its  dvm  W 

capacitor  replacing  the  a  units.  Thus,  .  a- 


2 


W  =  Kin 
n  a- 


to  j .  cv8 


W  =  KS 
8  8 


*  K  f  CVd 


with  K  the  pounds -per -joule  of  a  capacitor  and  C  the  capacitance.  Thus, 


Wn  =  “  U)  =  (0 


(a  ^2)/a 


Since  a  >  5  and  n  *  1,  it  is  seen  that  Wg  £  W^.  In  all  cases  the  weight  of 
a  single  derated  capacitor  will  be  Ibsb  than  the  weight  of  the  n  units  it  replaces! 
Tins  Latter  result  is  presented  in  Figure  65  for  cl  =  5  (paper -oil  capacitors)  and 
for  a  =6.4  (Sprague  metalized  paper  capacitors). 


'  ~  'fo  a -mf;a jijngFiil"  r/jTr.pariKon  of  S  Acme  A^wlth  Scheine  B  lt  lg  necessary  '  "'  ' 

'  thatthe  tqt^nmnber.ofi^vidual^  in  eaeb^r 

.  scheme  be  the  same,  hence,-  V'  -  . .  - 


r-  -  The  problem  is  to  evaluate  the  ratio:  .  ;  *1 

\  y  »v,v-'  ■  s-~ -  ‘-.-a •  *.  tc  ">  -Vv:;  j/it-.  v<  - •;  V  v .  - \ •*. «  ; .  ■  • 

\  •  ''  '*■  "•  •_  J*  ’•  ‘  lj '*  V""'  •  ’•  '*  7  «V  “*ij  ^r.*.  •;  -•  V  T  f*-«.  ••  . .  ■  >  •"  .  "-»  W“»  *.  *.  ■• 


.  -  V  From  the  relation  derived  for  Scheme  A,  it  follows  ihatforeach  of  the  y-y'-y: 

nv.-.  clusters  of  Scheme  -B.v  •:•'.'••  :.'o>X 

*••*-•*'•  ■  /-'ai  .  ‘  '.-O.  •••  j'.  X'-’i  +'r<z'  .•.i*.-  >_  .•->'*  "■•V  AC' --4'r-.-'-  ;  •'  •  •  A.V.Jf  ••:  4r- 


Y  r  : Thus  %....., 


. .  -•; ©Wg  ::.  n  __  ^  n f  j:.  :>> : -:ry  v; 

:  W"-  ^  ■  :.  (a  -2)/a  =  w  •  ^  jx  <a  -=2)/o'.  :  J  : 


Since  mW  *  .=  W  ,  it  follows  that 

.  .  :  n  .  .:■■  ■  n  -  -■  • 


b  _  ( cr  -2  )  /a 
r  —  m 


Since  m  >  1  and  (a  -2) /a  >  0  ,  itiollows  that  Wa  *  >  W„  as  one  might  expect. 

\-  ‘  -  S.'-S';-- 

•■  :  •*  /■ 

Figure  67  shows,  the  weight  ratio  mW  1  /W  as  a  function  of  the  number  of 

c*  8  *  - 


C  /(WifvAH^Att  Mnrvn  niAnw>\  n »3  /V  r:  C  A  /  w»CvAo  M  Br«*l  — 

u  ^mywi  via  u<h«>wawa {> J  <m»i  ava  aa  .'  wi  ^wvvua* 


capacitors) . 


J  '  .  *  *  I  ;  •;  •  •  •  -r  '  •  ,  I  _•  *•*  j  «  f  ‘  k  ’  I  V,'  »  •  -  a  .  /  »,  !  ,  •;  ,  * 

Figure  67. ;  Weight  Ratio  ae  a  Function  of  Number  (rf  OluaterB 
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'  with;tbe -relation  present'd  at^ve  it  is  aaW  possible  ^  analyze  the  weight 
Of  tbe ,  v.^ripu3  capacitor*<hrnster  combinations  that  we  in ayvant  to  consider  in 

a  propulsion  system.  IV  trade -off  between  reliaUIity  and  system  weight  can  be 
.readily  assessed.  -  :'  .  i::  -- -  X  ••/.  vv 


.  fe  application  tbesavfng  in  weight  must  be  balanced  against 

^  reqalred  for  HF?  control  ... 

performance  like#  to  arise  because -of  extra,  ^ 

'introduced.  '  :  ' vn.  ~ '*■* : •  •/••••- 
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SECTION  VI 


CA  PACITOH  DEVE  LOPMENT*  ' 


,  6.x  Jt'KUiJ  Lem.  stA  aiE  NT 


I 

0 

D 

0 

d 


T.vcaj^citors  areJrequlred'fQr^ use  as ;  an  energy  storage  ‘souxoe  in  a  family  of  . 
pulsed  plMraa  ele^ic  thniiters.  V'  These  capacitors  must  operate  in  a  hard  -  ^ ^ 

vacuum  environment  at  a-  maximum  environmental  temperature  *f - - — r — 

ISOtEv  Voltages  yL  U  be  in  the  range  b£  1 -  KV  to  i.  5  KV  in  an 


diacii^ge  cin^ltjvhich^yi.  11  cause  reversal -to  the  extent  of 
pulse 'repetition  rate  for  design  purposes  will  he  approximately  4  pps 


Tbo 


t  '*  The  design  life  objective  Is  4  x  10^  discharges  with  a  goal  of  10®  discharges 
5at  10 -  jcwlesj^ ;  value  reflects  Tfe  total  cnqi^ 


rtr:  ..: 


n- 

U; 

r-: 


ri 


-  >J  Thedptimum  tnechatrical  capacitor  configuration  must  be  afcajied  and .’several 
~  v  sonflgyratfc^^^^  the  program  will  be  a  mjUiimum  weight  ’ 

_ 

■7~  '  Testing,  with  tbe  exception  of  some  preliminary  evaluation,  was  accomplished 

.  at  Fairctdld  Hiller,  Republic  Aviation’s  test  facility*  ’  litis  was  by  »Kb  - 

lack  ci  fclgfa  vacuum  equipment  and  microthruster  engines  at  Sprague  Electric  to  sim¬ 
ulate  actual  space  flight  conditions.  Preliminary  testing,  accomp listed  to  evaluate 
various  metallized  films,  consisted  of  discharge  life  testing  under  high  vacuum  con¬ 
ditions  through  an  ignitron  discharge  circuit.  Advanced  life  testing  consisted  of  actual 
engine  firing.  Individual  unit  histories  are  included  in  Tables  15  through  17. 

*  This  section  was  written  by  Messrs:  C.  W.  Chase,  Program  Director  and 
F.W.PinkalL,  Program  Engineer,  of  tbe  Sprague  Electric  Company,  This 
work  was  performed  under  P.O.  No.  3-6283-S44529  of  contract  F33615-67-C-1395. 


6.3  INITIAL ISSKtft 


In  order  to  realize  fully  the  best  possible  energy  density  available,  it 
was  decided  to  employ  metallized  dielectric  systems.  This  r^liratton  is  achieved 


an  ora  consider 


able  size 


systems,  with  the  exception  of  the  metallized  paper  with  plain  mylar,  were 
designed  as;  CO  o  f  -  1300  volt. .  un-in^iregnated,  single  section  capacitors.  The 
sections  were  round. in  configuration  stressed  at  1300  volts  ifoatl  and  assembled  ini 

round 'Steel  'caDSi-’-'*..—  .://  i-  :”;:v 


These  capacitors  we re; built' for  evaluation' In  order  to'select  final  dielectric 
systems ’-for'  Phase  S  of this  program..  ^  Dieiet^ 

»  ’  C"/- •  ,v  .  r>£  ,?  ■  * -i ’  \,‘.T  „"**/  ’  "l  -  ;*/* ;■..**  \  •  ■.  ‘ V'; '  >*" 


v  V  "  fyi  V  .Metallized  Iqapton  with  pbUc  kaptpn. 


Metallized  Paper  with  Plain 


;  <  This  system  was  selected  as  being  representative  a  the  pare  sect  state 

of- the -art  in  the  manufacture  d  energy  storage  capacitors.  Capacitors  of  two  ; 
ratings  were  designed  and  built.for  life  test  controls  against  the  metallized  Him 
systems-  The  two  ratings  were  9„0  Hf  at  1.9  KV  peak-to-peak  and  20. 0  uf  at 
1. 95  KV  peak-to-peak.  The  units  were  de  signed  as  two  pressed  sections  wired 
in  parallel  ani  stressed  at  2200  voltt/iriL  The  capacitors  were  impregnatedwitb 
mineral  oil  and  assembled  in  rectangular  stainless  steel  containers.  The  positive 
termination  consisted  of  a  ceramic  terminal  with  the  negative  side  connected  to 
the  case.  This  Is  done  in  order  to  obtain  current  cancellation;  thereby  lowering 
the  inductance.  Inductance  of  these  capacitors,  measured  fay  the  Insertion  loss 

_9 

method,  was  in  the  range  of  20  x  10  henry. 


1  r-:: b )  —  Me  tali'1 ^  My  1  ?ur  •wlth'Piain  Mylar:7 


-fTPr..*-  ■ 


V  ^  Tldf  system  aetoct^  bec«tt*e  of.  the  jewe^evi  dielectric 
propr*'ftf>ff  'c6  yKa  -fitm  ixsi its- goocLtempersturc  characteristics.  Tie 

plaW-1^ 


program .  requirements . 


•'.'.  .L.J.'  ’ . '  c>  ‘  --  Metallized  Polycarbonate  with  Plain  Polycarbonate-  .>_>  ..;:  ;.::;V 7 1 

•  -.V.  '  '"V  '  ZT.  ;  ^  ~  ’ . " ,  ”  ^ V ; V-: •  ^ *../•  *££.x:  '+  v—.A'X'C  "*  fv^*. 

:  wan  i^tectgi  be^ute  of;ita-lcrar  tttss^^  «ad: 

capacitance  stability .  ,te]5?i»r»liEre  change ?y^“  ^ 

^negative  W^r^Ji^vely .^^le^trlc  strength (appro*^^ 
and  extremity  'short1  life  under  c^i^  ~ 


•x- .  ; . f/s-l  -  . <_■.*>  ?•'  i-vV?.'. ';y^ .v  v . „  "t f.- .-'y-?.  ^’*45‘L*T-V^  J*-'  -* 

v ; j i)  :  M<»f*mzed  Tedlar  with  P tain  Tedlar :  - ( P  V FFilra  I  -J. ■  <  - 


■•‘vr  -,/•.. 


.bfecauae  of  its  high  ^tetectr^c 

System  test-re  fl^ts"proved  aegativ&  due.  :iq.  comparative J^dieles£?^,.Strengti^ 

-.jbe  .^lewljag  and.  short  ctxargp^is^arge.  - 

■life.  :'l%ia  film  alaoej^ited ,  miM  p*tnynet?jr  changes 

tssro.'far*  Jn^^  chui^  ^  temperature  to  8^C.  -  -a^ .- 7- 


•  e)l"  Metallized  Kaoton  with  Plain  Kaptoa:  (Pchramide  Film)  -: '  ~  -  ' 

v  ~  VTIdi  sy  stem  was  selected  because  af  fla  eiu«llfint'disslp^3n:f»^  \" 

and  temperature  characteristic  a.'  Itwas  impossible  to  roH  sectLawa'crf'snitabU''  "  : 
qaali^  to  teat  bocauaeof  wenBre  static  conditions  within  die  rolls.  The  static  .. 
charge  iacreaaes  the  "cling"  characteristics  cf  tie  material,  causing  deep  creases 
and  wrinkle 3  resulting  ic  low  voltage  breakdown. 

T.tfc'  testing  under  charge -discharge  conditions  resulted  in  short  time 
failures  of  ail  unita  tested.  Failure  analysis  rewaled  a  complete  loas  of  end 
nnmtw^nn  dap,  jo  clearing  of  the  metallized  layer  along  the  contact  edge.  The 
dearie  is  caused  by  high  current  density  along  the  edge  and  the  contact  resistance 
between  Tn»t» '!<****  layer  and  end  spray.  Clearing  occurs  which  reduces  the 
effective  length  of  connection  resulting  in  an  increase  in  the  amps  per  linear  inch 
ratio  which  in  turn  c.  »es  more  clearing.  The  process  avalanche*,  with  the  degree 
of  severity  varying  with  the  number  of  discharge  cycles  ana  the  cobs a  resistance. 


V ********  (4^ 


SECOND  GENERA  TJON  ME T,4  LLIZED  CAPACITORS.-.-'  -\,v-,:L-  ^.r  ..^-.-.- 

luao  titLitxL  U>  improve  the  end  luginertina  zarncnlcies,  it  was  decided  that  the 
20u.fr-  -.,95'.KV  peaic-to-peak  capacitor  be  rwdftffigwd  with  the  foil  rra-mg  iiwpnap-  .  ' 

«?  /vrmw  ■tLrt  UkiilA  1  ,  - -  —  - -  -'  .  ■ -  ■  "•  “  '  w 

'  ■»-***■  mmmmr  rrvA’Mf  i/UUdl  SX^O..  ^XX.-'  *  •*■  -  *"•  ■  -  •  —  *  -•  - 


^  pry: a)  .:  Tbe  section  was;  redesigned  into  seven  (7)  round  pawlXel-  -  >■•:'  •'  x  X?  - 
X  ’•  -  sectiCKXs.  XTlrerbuiklflectidn'gBamfltryy^  ' 

...  ;  —  :aurface.ior  end  arirav  and‘tiHR  n«»  nf  -r  -••;  •  : 

;  reduoes'  the. inductance  and  resisttnoe.  ’  /._;  v/V  ^ 


~A  current  collector,  discj'brazed.diroctly  V'^'ternujul^':;'  '■  ~  "  f 

xX-.  siod .was  added* positive  V.-: 

xv i '£ x; :-w x epC'pf and  indivitte^y  soldered  to  tie  disc; 

- pPpp  v  ^jfe'.VM;<£atte-'.to^incri!*^  ;-.V:  f]':P  x-;- 

V?  " 'y'f’':p{'tbe  capdpitmj':~:^ Pp pK' •?>'.% 4 ?  r-x 

;  A.-F^'Je^;6i<ai>  the: -negative  end  af  eada  se^tiaa  wms:PPJ-  •  ■  -  ;■ 

y ;,  brOTfeiit.tfayougfa  and  attached . to  the-:  cay  bqttorn ;  :  xXc  •  x  'X:.,:- ,x  x 

egart-to  'ipd'ino^Ue.-  .  :'x 

-Xx^Xv-;-  :::^-the  eurretrt-MUTying;papaht^.X~""h.x.Cx^vX;'YX^/^riXx::X;.^X-r;,v:-v-J- 

p  >  an  imprcrveoif^lcr^E^  units  oi  the  i  attial  detdgn.  >  B0&1  *  * 

‘J&M :S0.'  000  discharges.  S^eegoent  teat  x  v 
results  would  indi  .she  that  jn-obf^ly  a  tenape^tdure  probiean  existed,  Becardings 
made  on  the  case  exterior  indicate  tenqagrstures  of  164*F  with  no  jkndication  of 
temperature  stabilization.  See  temperature  run  in  Figure  68.  Thrust  measure-  ' 
ment^  results  are  approximately  50%  lower  than  required  for  the  application.  This 
is  interesting  in  view  of  the  fact  that  a  studyafihe  discharge  current  waveshape 
jhdicafes  I  peak  as d  di/dt  of  accept able  degree  for  required  Evidently, 

heat  geperated  by  the  relatively  high  resistance  is  the  cause  at  losses.  It  now 
appears  that  the  program  aim  of  increased  Joule  per  pound  ratio  is  not  as  important 
or  meaningful  as  the  thrust  per  pound  ratio.  It  also  appears  that  a  fair  estimate  of 
thrust  level  can  1*  pro-determined  by  a  stw^r  of  the  r»p»Mtry  ^  gj^  q. 
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'  6,5.  R,..A^.Q  COOPERATIONS:.;  ^  ./v;.  / 

- .  Studies,.  made  by :  Republic  AvifrQrm  Dtvlglga  of  Fairchild  tttiter,.  of  nest, 

TOBwTtw  3nfH-»frte  that  flf  flpM  B I  in  SOB  I?  2€  nanohenry.  rC.ffl  BtHIMP.  of  frsiD  .  . 

003  to  .  005  ohms  and  Q  of  7  to  0  are  required  ^.  achieve  thrust  levels  of  acoept-  - 
nblf*  degree. . . .  a  also  follow  s'  that  as  .  l^;<^cresLae^.^m^  increases.  -  Measurements 
niade  on  is  within  acoerflnble -pro-  .  j  , 

portion^  resistance  is  high  (approximately  .  OX  ohms)  and  Q  is  hay  (approximately 
.  3.  0).’  h  is  felt  ib&t  resistance  of  fice  thin  metal  deposition .-is "the  can*  of  the  high  R, 
low  qV"  Parameter  mftnwrpf-mfmtfi  axe  made  by  a.  method  developed.'  byRepubtic.  This 
'  method  involves  taking  photographs  of  the  resonant. ripgpui  of  a  shorted.  capacitor : 

-  which  hag  been  excited  by  a  fast  pulse.  ?  R,  had"  Q.  formulae.  are.derired;  by . 

taking  a  logarithmic  decrement  of  the  rtngout.  Comparison, of  the results  cf.thLs  - 
.  '  method  with  the  results  of  rpm  ■!>  more  tedious  methods  have  been  made.  •,’Ihe.  resuits; , 
’  -  .of  both  methods  follow  one  another  ..yjary-  closely.  -  Thp  method  -will  he  ue^d  to 
measure  all  future  units  to  facilitate  farther  study  of  parameter  value  to  thrust 
3eveL  The  results  also  serve  as  a  fast  indicator  cf  the  results  of  capacitor  -  * 
improvement  a 


A*  56. Qi4£PARA<3TQ£ OFr ip:TAI J4ZED  IfYJAR  ^  :~;v:;.v  •• 

,  6.  0  uf  t'*  1500  volt  capacitors  were,  designed  of  metaUtaed  mylar  with  plain 
mylar.  The  aUesatm  the  Aelectrac  was  Aertgawd  at  2flC0  wette/miL  3he  oapsef- 
tors  were  constructed  wit*  all  of  the  improvements  buQt  in  to  the  second  generation 
20  if  units,  m  an  effort  to  further  reduce  the  end  ccsmectico.  resistance,  copper 
was  high  vacuum  RF  sputtered  onto  die  aluminum  metaTKaed  material  and  ovex- 
sprayed.  vddtthtrleadL  It  was:  felt.  d*t  ty  bombarding  the  coddes,  hailt  uposj  the 
fail  surface,  with  minute  particles  of  capper  that  end  connect! oas  cf  superior 
quality  would  result.  Parameter  measurements  tadirsrte  indactaaoe  in  the  order 
of  20  nanofaeoary,  resistance  if  .  01  chins  and  Q  of  4.  65,  The  capacitors  failed 
after  a.  short  time  on  test.  3he  failure  mode  again  was  a  loss  of  end  oonnectiou 
due  to  clearing  along  the  contact  edge. 
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(5, .'  CHARGE-OF  SCOPE  ■ :  .  -  '.,...’  -  .  -.  .  •  f'-.~ .  f.-f'..  ’  -V:-  "  .. 

.  A  meeting. was  at  Republic  Aviation  to  dit  -?s  the  program  a_3  it  stood  . . 
»n  vie*  of  the  failures  encp  mitered  with "metallized  dielectric  systems.  ..  It .was  ,  . 

decided  tnat  the  inherent  high  resistance  and  low  Q  of  the  metallized  capacitor  '  • 

as  we  know  them  today,  make  them  unsuitable  for  pulsed  plasma  thrusters .  >  - 

requiring,  high  peak  currents,  .  A  change  to  foil  capacitors  was  recommended  with 
mylar  seiCwted  as  the  dielectric  because  of  its  good  dielectric  strength  and  temper¬ 
ature  characteristics.  . '  . " ;  '  ■ 

0,3  FIRST  GENERATION’  MY1AR  FOIL  CAPACITORS:  (10  JOULE)  . y : 

•y .  .  rTwentyToule. capacitors,:  rated.20  uf  -  L5QG  yolts; were  designed  of  mylar  - 

with  aluminum  foil  conductors  in  single,  round.  sections  .stressed  . at  2300  volts/mii.. 
•The  capacitors  were,  impregnated  with  silicone  oil.  F.nd  connections  were  made 
by  scrub  soldering  techniques  using  a  composition  of  ,75%'  jin  and  25%  zinc  to  tin  ; 
-the  aluminum'  foils.  Sevenv{7)  number  IS  wire  leads  ^soldered  to  -the.  positive  end  f 
of  the  unit  were  in  turn  soldered  to  a  current  collector  disc.  The  negative  connection 
was  made  by  soldering  seven  (7).  number  16  wire  leads  from  section  to. .case  bottom. 
The  case  materia’'  was  brass  finished  with  a  hot  tin  dip.  The  foil  conductor  was 
6-1/4”  wiae.  Preliminary  test  data  showed  Q  ranging  from  7.1  tc  10.4; 

R  ranging  from  ,  003  to  .005  ohms;  and  L  ranging  from  24  to  27  nanohenry.  . 
Thrust  measurements,  made  during  engine  firing,  indicated  that  impulse/discharge 
was  of  satisfactory  proportion.  Energy  densities  of  10. 55  joule  s/pound  were  , 
realized,  . 


During  actual  engine  firing,  one  unit  failed  short  and  two  units  leaked 
impregnant  at  approximately  25, 000  shots  each.  All  unite  were  returned  to 
Sprague  for  fail  rre  analysis. 


Temperature  measurements  made  during  engine  operatic©,  showed  no 
thermal  equilibration.  The  shorted  capatFor  proved  to  have  failed  due  to  a 
dielectric  puncture,  possibly  set  up  by  high  stress  at  extreme  temperature.  The 
units  which  leaked  impregnant  proved  to  be  electrically  sound.  A  review  of  thermal 
transfer  problems  in  high  vacuum,  prompted  a  decision  to  repair  the  leaka: 
re -impregnate  the  capacitors  and  paint  the  cases  black  in  order  to  improve 


1*2 


j 


•H 

■  !*• 
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emissivity,  thereby  increasing  Jiermal'  transfer  capability  by  radiation/  The. 
capacitors  were  returned  to' EepubUc  and  tu’etl  again  on  engines.  The  units  now  . 
thermally  equilibrated  at  170.!FV  v{See  Figure  69);-  -  -  •  :  ;  .  ,  \V" 

One  unit  failed  due  to  an  impregnani  leak  following  shoit  time  engine 
operation.  The  leak  was  found  to  be  caused  by  mechanical  damage,  inflicted  '  /  . 
durini  engine  assembly.  '  The  remaining  unit  failed  short  due  to.  a  randomdi-  ./■  •  " 
.ele.ctric  failure  following  1.33  xTO®  shots.  /  '  V  '  7v  7  ■  "  / 

An  additional  capacitor  was  built  unimpregnated  for  test  purposes, 

Par&mete.  j  of  L,  R,  and  Q  were  equivalent  to  the  impregnated  units.  The/ 
capacitcr  iailed  short  due  to  a  dieJectric.puncnire'foH owing  25,000  shots'.  Thls/  7 
is  the  same  time  to  failure  as  encountered  onthe  original  unpainted  capacitors  V 
:  making  thermal  .runaway  a  suspe.c^  contributor  tp  failure^  .  Obe-  tfaeoyy,-aa; 
to  the  reasem  foiyjberraal  -runaway  even  thoughthie  ca^  was,  painte 'd  black,is  that 
the  oil  impregnation  is  reguired-to  improve,  the  head  traxwfer  from  section  to’  auie.  7 

6.9  '  SECOND  QENE RA Tlb.N  OF  MYLAR  :FOI  t.  CAPA CITOH^ : .  i[?0  JOULE)  J4-  .  - 

In  an  effort  to  improve  tbe-life-'pf  the  mylar  foil. capacitor  and  to  improve 
'  the  overall  quality,  the. following  changes  in'design  were  made. 7-  7  j ' ;  / 

a)  ;  /Voltage  stress  waa  reduced  .from  23C0  to  2000  volts/mll 
•  '• '  tc  increase  life  and  reliability  . • 1  ~  •  .'.7 


C^se  material  was  changed  from  brass  to  aluminum  in 
order  to  reduce  weight,  reduce  resistance  and  improve 
heat  transfer, 

Foil  width  was  reduced  from  6-1/4"  to  3-1/8"  to  order 
to  decrease  conductor  losses  and  improve  section 
geometry  to  Increase  Q. 

Positive  end  termination  wag  changed  from  seven  (7) 
number  18  wire  leads  to  twelve  (12)  3/8”  by  .  003"  tinned 

nnrtnAi*  ♦nKa  frt 
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Negative  eiid  termiioaticn'w&s'chaz.ge<i  frorh  seven  (?)-  -"■■■■■ 
number  1 8  .wire  leads  to  twelve’(12)  3/8”.  by  .’005-i  aluminum' ; 
tabs  welded  into  the  case  to  cover  seam.  This  also  was  done 
,  to  reduce  resistance.  V.1 


.  In  addition  to  these  changes,  special  drain  and,  seal -techniques  were! 
established  to  minimize  the  threat  of  leaka,  "These  techniques  involve  draining 
units  as  90°C  and  sealing  af  50*;.C-:-in  order  ^  inclusion  of  a  . 


.  compressible  pocket  of  air  witMn  this  c^dtdr'case.'^^^;^>,; 

’  'T^^cBpTC'itors-WBriB 'built 

short  at  73,665  shots  due  to  a.  random  dielectric.  puncture.  The  unit  case  tempera t'..  . 
t  ure  at  the  time  of  failure  was  154‘F. ;  It  appears  that  ti«;  temperature  had 
stabilized.  (See  Figure  20  for  temperature  nin).  It  w at ‘  assumed  that. the  ipci^ased  ; 
life  of  this,  unit  over  die  unimpregnated  ^st-g^i«ratic)n^t^a^^^i^r^^d  ^e^i 
transfer  capability  supplied,  between  section  and' case  by  .  tfv?  twelve  aluminum  .tabs,.'  ^ 
/The ^MsumptionwaiL also  made! t^jthe fiiterhfrtemj^^ 

.probably  much  higher  than  the  case  temperat^/x.T^ 

impregnated  for  ultimate  life.  The  second  unimpregnated  unit  was  not  tested  to  - 
date  due  to  limited  chamber  and -engine  capability,  _• 


.  Four  capaoitors  were  manufactured  as  eillcone  oil  impregnated  units,  ror  • 
the  four,  one  unit  was  never  tested,  but  was  delivered  to  the  firm  responsible,  for" 
the  development  of  the  engine  .power  conditioner.  Parameter  values  of  tbe  remaining 
three  showed  some  improvement  over  first  generation  units  .with  <5  ranging  from 
8, 5?  to  9.37;  R  ranging  from  .0034  to  .  0038  ohms;  and  L  ranging  from  19. 95  to. 
21.3  nanohenry.  Energy  density  of  8.5  Joulea/pound  wae  realized  on  the 
capacitors.  ■  ’x i  7  '• 


The  first  unit  failed  as  an  impregnent  leak  following  171, 946  shots.  Tbe 
failure  was  found  to  be  caused  by  a  fault  in  a  welded  seam  in  the  case.  Temperar 
tare  of  the  case  at  the  time  of  failure  was  185*  F  anihad  stabilized.  The  capacitor 
haa.been  checked  electrioally  and  found  to  be  sound. 
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.  ’.The  remaiiiing  two  uiiite ‘failed 'short,  one  folIcrA'ing  939, 240  tyad.the/cthsr^- 

no  y>  Kifot o  ^  g  pi  gpahfe  f juiftp.fi  found.  Temperature  of  the,  units,  at  time  of  failure  ” 
was  160  to  170.oE.  '  '  ,  •  :;  .  J  ".  .  .  *  " 


I 

I 

0 
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Additional,  experimentation  utilizing  tuyrpwer' foil  widths,  In  an  effort  to;  • 
redupe  losses. and  increase  ^;  to9_be©n  ^>erforined-wiih.T^gaUye  .results.  ,;It  npw.. i 
appears  that  the  3  foilwidth-  of  the  20.4pyle;cap^citpr.  is  opUnjum...  : ;  , 

_ foil  loss  is  negligible  as  .compared..with  ^tertace  aa^  pKi  cqpMCtlon  resUtance.  ^  _ 
The  present  20  joule  design  therefore ,  is  the  basic  capacitor  design  for  20  ' 
joute * ^ta-W^chTWe  wilt  hold 'firm ~ 


m 
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6.J1>.  :..THDp;GgMERATIOK  OF  MYI^JUFOIC^  •  _  . 

•  .  The. third  generation  of  the  20  joule  mylar  foil 

same  design  -ab  the  second  generation.  Efforts  toward  extending  life  and.  reliability 
•  -  were,  expended  through  . the.  aetting-up  ami  .^^rit^rto..Qf.ihe  ..  ... 

:  •  v  a)  ./  /Completely  clean  the  roiling  machine,  polishing  all  spindles 
j  •  _ and  idler  rolls^at  the  time  of  eadi  setrug. _  ^  __  ’ _ 

b)  -  Remove  fromlthe  immediate  machine  vicinity  all  sources  of  ~  .r.;.r^y.y 
dust  ai^  dirt  particles.  :  '  . . . '  ""  ‘ 

o)  Set-up  the  maohine  to  the  proper  design  and  roll  one 
capacitor  section. 


d)  Using  a  thickness  figure  cf  the  total  dielectric  between  foils 
minus  one  layer,  flash  the  sections  at  7000  volts/mil.  If 
the  unit  fails,  roll  one  additional  section  and  flash  at  the 
same  stress  level.  If  the  second  section  fails,  strip  the 
machine  of  material  and  repeat  the  clean-up  procedure. 


Complete  the  machine  set-up  again,  using  a  new  batch  of 
material. 


e)  Kepeat  step  (d)  until  a  suitable  set-up  cf  machine  and 
material  has  been  achieved. 
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- ■  _t0  ins ure . that  material  meets,  the.  provisions  of  incoming  '  „y 

;y:  :;^materialc8peciiiciuoni.v^iy^j;;:S^^Iii:w.^iE%^v ---*..-^1-  » 

■■■?£“■  Pi.'-: /^-is^Vy^'SL  4  .  -.-iv  •  -  _v '. -• -V'.' .•--  «-  .•  ■  . 

'* '  1)  '  "  'Elash  the/sections  ag^'At  ttei^ees  Jevel:^  {d),’.£rior  .  :  '  r: 

? :  ■ 1  :  ;to  cover  welding;ami  pripr  to  flhipping/  •  ’".T?  7 •":* •'••••'. 
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i  '■?'  '77  V  '  ’Once'  again  -pairamete  r  value  a  'showed  some  4®PT.oye  meat  oyer  the.;preyious.  I'y  v 
generation.  Q  ranged  from  7,  3  to  12v5j v  R  ranged  from  .0025;ta  .-0045- ohms ;  ' : 

-Republic  has  attached  cooling  fins’tp  the  sides  of  the'units.  -The  fins  are  -  • ; 

;  *  3V  And  e^p^tioci&d'SQ*  -af^rt.  ^dhteV  bne 

f^hia^uidt  failecl  short  follbwing;7.  rs  x’10^  shots . .  Analys i s  cfthe-faUurerey.ealed ;'  ~ 
‘  V rairiom  j^electr^  cause  found.  -  •-~.r 

1© ^PUR^'^ENEI^ION MYLAR  FOIL*  CAPACITORS^  (20  JOULE),  ^ 

-.  I'  ,:7Two  additional  units  were  bjoilt to  the  same  specification  as..the  ttdr.d„- 
.'generation  capacitor.'  The  $e  ctions  we  re  modified  slightly  by  Tolling  thermocouples 
into  their  interior  to  study  temperature  gradients  across  the  capacitor.  This 
>  study  was  performed  to  determine  whether  or  not  internal  section  heat  was  of 
sufficient  degree  to  cause  short  capacitor  life.  Both,  capacitors  were  engine 
.fired  for  sufficient  time  to  reach  thermal  stability  and  then  thermally  checked. 

Air  was  forced  through  a  coil  placed  around  the  unit,  '.'he  temperature  of  the  air 
was  monitored  and  considered  to  be  ambient  temperature.  The  temperature 
gradient  from  section  core  to  capacitor  case  was  only  5®F  on  each  unit.  This 
gradient  is  not  considered  excessive  and  should  not  degrade  life  of  the  unit. 

(See  Figure  71  for  temperature  information). 
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6. 12  FIRST-GENERA TJQN  OF  40  3QULB  MYl^B-FQIfc.GAPAG^5^.^  _  y...  . .  ,  .  . 

F  orty  -i  oule  capacitors ,  r  atedl'40. »  ^-^.500  yoltsrwere  designed  and  b.ult-- 

.  ~  :  r  jr  -  > ^i-%.  ,- _  “1-  /ott  /)«-o»yivmj'  Aafloifv  ftf  R.  S-'ifijjlfifl/oOUlill  W&B  I^8ltZ6^* 

C.OHUUCipf  Vr.lulU.wao  >>—*/,•->  “**■-»  **-.  m--- ~-~ v  --  --  ~  •>  — '  •.• -  ■  •  •  -••  •  ;-• :- 


the 


The .  unit.  wa£de.sigT^dlasjL^^^  be-siliconeoilin' 

A 11  qualify  control  proc^ur^s’ ';practiced  ui'.the'iconstruction  .of  th??0;  joule yyg £ gg 
capacitors,  .were  adhered  to..,Parameter  value.a  a^i|»  feiLwitluA  acceptable r  y._..y: 
limits  with  inductance.  rangUijg  from  16-  8  to  .£1*4;  n^noienry.;  R  :  -ranging  frpni  .  0024 . 
to.  >039  ohms;”  and  Q  rangi^  from  7 ,  3  to  9.35;  The  capacitors' were  en^.  ;  '  :  i 
fired  at  a  repetition  rate  of /l  pulse7sec ond,  *  Two  units  ie aked  impregJM^t  drprn  -'';  :  ■•£ 
thp  terminal  assembly.;  •  TJ^s.y^S-fQi^  tolbe'-a ^combination: of  failure  pf.soR :  .jr.  : 
solder  seale  ax^  dndue.  s&essiplac^  do;tte;i^.nninal  stwi;  during  engine  assembly »  - 

■  A 11.  iutur e iunit s  will  be  braze-sealed  to  prevent^joc^  f aUui«  jnode . 

■~f>ne  tinit  failed  ahortfollowing '3.3 xyiOy-^hoteW-.;-.- “•  •• •'•  '*■■  ^ 


r-^'x.-tsr  j-; : 


:  6;;J3.-;  FIVE.  (5)  JOULE  CAPACITORS  OF  MYI>R  r  ]^IL^  CpNR^UCTIO^f  :  y  V  ^ 1 

Five-joule  capacitors,  rated  10  ^  f  -  1000  yolts,:.were' designed  and  built.  . 

The  capacitors  were  designed  in  three  groups,  each  stressed  tq  different  levels.  .  . 

All  groupswere  designed,  as  singleroundsectionswith  alloithe  construe  — 

improvements  and  .quality  control  procedures  developed  during  :thevprog£ain y*y  >  "777 .: ■ 
employed,  Foil  width  was  reduced  to  1-7/8“  to  further_determine ‘whether  or  not  y  - 
losses  could  be  decreased  resulting  in  lower  R  and  increased  Q.  parameter,  .  ; 

values  fell  within  acceptable  limits  with  inductance  ranging  from  14. 9  to  20. 2. 

nanohenry;  resistance  ranging  from  >  0036  to  .  00576  ohms;  and  Q  ranging  from 
7.0  to  11. 0.  Of  interest  is  the  fact  that  the  parameter  levels  have  not  improved 
with  the  decreased  conductor  width.  This  tends  to  confirm  results  of  earlier 
tests  along  these  lines.  Findings  at  that  time  were  that  interface  and  end 
connection  resistances  are  substantially  greater  than  foil  losses.  The  capacitors 
are  to  be  engine  fired  at  4  pulses/second  at  1000  volts. 


a)  Group  I 

This  group  waB  designed  to  stresses  of  1430  volts/mil  with  an 
energy  density  of  3.45  joules/pound.  The  capacitors  of  this 
group  have  been  delivered  for  testing. 
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'b). 


• ■  •  A  ■■  V  -  -  This- group  wa%3  designed  to  stresses  of  1335  voits/mil  with 

~  — — ^  ~ — _  nn  ' ^Q^o^ftr  of -3 ♦OS  joulss / pO^J^d.  ~Twc  (^ApflP jtor §[  of  ^ ■  •  “ 

;-V  '  ;  '  U?is  group.  haiye, been.tes.ted  to  date.; ' .One  capacitor  failed  •  ••  ; 

„  -.  v  an.irapregnapt -leak  follcwli^'45,'000  Sho^.  '^‘The.  failure.  „'.... 

*  •  'wasi'cajiised.by.  avsdft  solder-tseal^.defect. around  the.tjprn^inal  •/ — :•• 

. '  •  '  . .  ' stud  assembly. . ’These  units  were  constructed  priojr  to  the  -/  ‘  7 
.  '  .  .  failure  of  the  40-joule  capacitors  which  prompted  our  decision- >  •  ’ 

-T he' ^second  'capacltor^faiied  short  following,  I?^x.:lj3;;' 'sljots;7^?:;;-1; 

:  *  :5  - Case  temperature  at  the  tiiM.  of  fs^ure-  was  17i®F'aDd;-fcad  .  ..7  3  -’••••' 
stabiliz€|d/ ^.(S^^igyre  72/for  tem 
:W. -^AfMysi^ 

Lw-w-i; -;v 


-  •  Group  HIv- ~  ••*  v':r-'  > 


v^-!:Vv?vV/^;n^lB^«iv^iyii»:'desigi«d>tb'  stresses  of,  950  -volta /milwith •, 

'.:r‘:‘  i-ii .  an  energy  density-of  l.  81  joule s/pound.  The  capacitors.of  r  i  ;-;  .- 
'•  'thi«  group  have  .-been  .delivered  if  or  .-testing,  * '  :  •.  ;-'i.:>.- 


6.14  CONCLUSIONS  ■  /  "  v  -,  ■  .V  - .  -v^,  -• 

A  study  of  the  results  of  this  program  led  one  to  the  following  conclusions: 

a)  Metallized. dielectric  systems,  as  we  know  them  today,  are 
-  •  not  suited  to  this  application  requiring  large  peak  discharge 

currents.  Current  densities  are  too  great  for  end  connection 
survival  and  resistance  of  the  metal  deposition  on  the 
dielectric  system  Is  too  high  to  yield  thrust  levels  of 
acceptable  degree. 

b)  Capacitor  resistance  becomes  lower  as  foil  width  decreases 
to  a  point,  and  then  remains  fairly  constant.  Consequently, 
interface  and  end  connection  resistance  becomes  the  dominant 


D 

a 


-factor  where  foil  width  is. considered  optimum.  .Foil, 
losses  from  this  point,  oo  become  less  and, less  -  - 
significant.  ~ ~  : - ::  : " 


c) 


a 

o 

o 


■d> 


'  w\>. 


,.e) 


Every  effort  to  improve  the  ethissivity  of  capacitor  •  - • 
.cases  should  be  taker!  for -BjppiitaiticcG  ‘“^clving  cpacei  . 
•/(hard  vacuum).  Heat  is  dissipated  cply.  through  :  j. ' 
"rad^ticndn.this  appiicatiop.  -v  -  ~  ^ 

"Thermal  conductivity.  fronk.cspacjtcr  to  .case  is 
critical  under  hard  vacuum  . ambients.  'Therefore,  it  ; 
„  be<^mes  necessary,  to  impregnate  the  capacitors 
using  the  impregnapt  as. the  heat  transfer  medium.  • 

Special  draining  and  sealing  techniques  are_.ne«.s?»ry_-„ 
_  to  prevent  leaks  during  operation  in  apace 


-  STVtt 


g> 


0 
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Capacitor  life  was  substantially  increased  by  the  ^ 
addition  of  quality  eontroj  procedures.  It  will  be  ~  - 
necessary  to  manufacture  units  of  this  type  under  strict 
v  quality  bontrol.  pr  ocedures  and  controlled  clean  anabieiit 
.. conditions.  v.~..  ..  •  -rrrAr.  :::rrrrSr~..rr 

Badiatioo  cooled  energy  stor  age  capacitors  .driving  - 
thrusters  at  7.7  joule  s/lb  have  been  developed  with  a 
life  of  7.1  x  106  discharges.  The  life  can  be  extended 
significantly  by  derating  the  capacitor  below  the  state  - 
af-the-art  energy  density  of  7,7  joules/lb. 
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Air  Force  Aero  Propulsion  Laboratory 

' 

Wrfght-Patters.cm  AFB,  Ohio 

T~  - 

This~F-«»iCReport  describes  the  pertinent  results  of  the  studies  carried  out  in  advancing  solid  \ 
propellant  pulsed  plasma  microthruster  system  technology  in  the  thrust  range  from  below  1  \ 

'.rdcropund  up  to  roughly  200  micropounds  and  encompassing  the  {system)  specific  impulse  range 
up  to  2400  seconds.  Thruster  nozzles  have  been  operated  up  to  3800  hours  at  the  50  micro- 
pound  thrust  level.  ^Radiation  cooled  energy  storage  capacitors  driving  thrusters  at  7.  7  joules, 
lb  have  been  developed'witfi  a  life  of  7.1  x  106  discharges  (476lb-sec  of  total  impulse).  Dis¬ 
charge  initiating  circuitry  has  been  operated  for  1. 54  x  10®  discharges  and  80^-  efficient  power 
conditioners  have  been  developed  and  tested  beyond  4.  5  x  1Q~  discharges.-^  Complete  thruster 
systems  have  been  operated  up  to  630  hours  at  the  140  micropound  thrust  level  (317  lb-sec  of 
total  impulse).  A  thrust  stand  capable  c?  accurately  and  rapidly  measuring  thrust  ol  a  micro- 
thruster  was  deli vered.to  tfte  A-tr  Force  Aero  Propulsion  Laboratory. 

Since  an  ion  pumped  vacuum  chamber  having  sorption  roughirg  was  not  available,  It  was  not 
possible  to  reliably  determine  maximum  thruster  system  life  capability. 


The  results  of  this  program  haw  made  it  possible  to  design,  test,  and  deliver  flight  qualified 
thrusters  and  power  conditioners  to  another  laboratory  under  a  separate  program  within 
roughly  30  weeks  for  installation  in  a  synchronous  orbit  satellite. 

Guidelines  for  including  a  solid  propellant  pulsed  plasma  microthruster  system  in  application 
studies  are  included.1 
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